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Abstract 
The material requirements for optoelectronic devices can vary dramatically 
depending on the application. Often disparate material systems need to be combined to 
allow for full device functionality. At the nanometer scale, this can often be challenging 
because of the inherent chemical and structural incompatibilities of nanofabrication. This 
dissertation concerns the integration of seemingly dissimilar materials into hybrid 
optoelectronic devices for photovoltaic, plasmonic, and photonic applications. First, we 
show that combining a single strip of conjugated polymer and inorganic nanowire can 
yield a nanoscale solar cell, and modeling of optical absorption and exciton diffusion in 
this device can provide insight into the efficiency of charge separation. Second, we use an 
on-chip nanowire light emitting diode to pump a colloidal quantum dot coupled to a 
silver waveguide. The resulting device is an electro-optic single plasmon source. Finally, 
 iv 
we transfer diamond waveguides onto near-field avalanche photodiodes fabricated from 
GaAs. Embedded in the diamond waveguides are nitrogen vacancy color centers, and the 
mapping of emission from these single-photon sources is demonstrated using our on-chip 
detectors, eliminating the need for external photodetectors on an optical table. These 
studies show the promise of hybrid optoelectronic devices at the nanoscale with 
applications in alternative energy, optical communication, and quantum optics. 
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Chapter 1 
 
Properties of Hybrid Nanostructures 
 
1.1 Overview 
Synergy is commonly defined as the whole being greater than the sum of its parts. 
This has countless examples in nature, including the well-known symbiotic relationships 
between bees and pollinating flowers as well as bacteria residing in the human intestines. 
Synergy can be an equally powerful force in the development of technology, including 
optical devices. All material systems have limitations, but combining two or more 
materials with complimentary properties can lead the way toward novel and better 
performing devices. In this thesis we will present three projects that all directly involve 
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the combination of complimentary optical materials into so called “hybrid” 
nanostructures.  
Environmentally friendly renewable sources of energy have been a burgeoning 
scientific and public policy topic over the past several decades. Among the many 
renewable energy alternatives to fossil fuels are solar-based sources, including 
photovoltaic and solar thermal technologies. Bulk heterojunction photovoltaic solar 
cells—most often a mixture of electron donor conductive polymers and electron acceptor 
inorganic nanostructures—may be a complimentary technology to conventional 
semiconductor solar cells for particular applications. This is due to their solution 
processable components and low process temperatures, which may be suitable for 
fabrication onto lightweight, flexible substrates. Power conversion efficiencies are still 
well below that of commercial silicon-based technologies, but single layer devices have 
improved substantially over the past two decades to near 8%1,2 with tandem cells above 
10%.1 Quantification of the loss mechanisms under different operating conditions is 
essential to further improve device performance. Beyond the potential technological, 
economic, and societal benefits of such research, there is an opportunity to explore the 
rich physics of exciton generation, transport, and dissociation that differs greatly from 
conventional semiconductor devices. Chapter 1.2 provides a brief introduction to these 
excitonic processes.  
Chapter 2 discusses experiments to investigate a model version of a bulk 
heterojunction solar cell. This model solar cell is a hybrid device consisting of a single 
heterojunction between a strip of conjugated polymer and an inorganic semiconductor 
nanowire (NW). This simplified geometry allows for reliable accounting of light 
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absorption in the different material components and hence their respective exciton 
generation rates. Using this method, it is possible to distinguish between various loss 
mechanisms and set an upper bound on the device efficiency if scaled up to a fully 
functioning bulk heterojunction solar cell.  
Nanoscale optical circuits employing single photons are another exciting area of 
scientific inquiry. Single photons are excellent carriers of quantum information because 
they can propagate long distances without loss of coherence,3,4 making them useful in 
quantum encryption and quantum computation. In addition to these quantum applications, 
if the single photons are reliably generated and collected with unity efficiency, one can 
use them for ultra-low power optical communication.  
The simplest integrated single photon circuit consists of 3 components: (1) an on-chip 
source, (2) an on-chip detector, and (3) a transmission pathway to route photons between 
the two. However, efficient, on-demand generation and collection of single photons is an 
outstanding technological problem. Typically, single photons are generated by parametric 
down-conversion, in which the creation of a single photon is heralded.5,6 Another 
approach is to employ solid-state quantum emitters as the source of single photons, such 
as semiconductor quantum dots and atom-like defects in wide bandgap semiconductors. 
The solid-state nature of these emitters provides the exciting opportunity to use 
semiconductor fabrication techniques to build integrated sources and detectors for on-
chip optical circuits. However, these “artificial atoms” are generally sensitive to their 
external environment thereby limiting the fabrication processes that can be used. An 
added complication is that epitaxial quantum dots and color centers in wide bandgap 
semiconductors, such as the nitrogen vacancy (NV) center in diamond, are typically 
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embedded in a high refractive index host material, which makes it extremely difficult to 
collect a high percentage of emitted photons via a far-field detection scheme (see Chapter 
1.4). Thus the push for integrated photonic circuits isn’t just a quest for miniaturization 
for its own sake, rather near-field pumping and collection schemes hold promise for 
much greater device efficiency. 
Integrated optical circuit elements at size scales near or above the diffraction limit, 
almost universally rely on photonic waveguides to route photons via total internal 
reflection. These waveguides allow for extremely low loss transmission of photons. 
There is a large body of literature about the fabrication of photonic waveguides as well as 
more complicated structures such as ring resonators and photonic crystal cavities to allow 
for manipulation of the guided photons.  
A promising method to further miniaturize an optical circuit below the diffraction 
limit is to employ surface plasmon polaritons (SPPs), which are propagating 
optoelectronic excitations along a metal-dielectric interface (see Chapter 1.3). Light in 
the form of an SPP can spatially concentrate light far below the diffraction limit at the 
expense of increased propagation loss compared to a photonic mode in a dielectric 
waveguide. Furthermore, a quantum emitter placed in the vicinity of a plasmonic 
waveguide such as silver, can collect a large fraction of the photons emitted and then 
have them propagate as SPPs along the waveguide.  
Chapters 3 and 4 of this thesis discuss two experiments that each use a hybrid 
structure of a semiconductor diode (source or detector) joined to a waveguide that is 
coupled strongly to a quantum emitter. Each experiment represents two-thirds of the 
simple integrated single photon circuit mentioned above. More specifically, Chapter 3 
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presents a proof-of-principle demonstration of pumping a colloidal semiconductor 
quantum dot with an on-chip LED, and subsequent collection of the single photons as 
SPPs by a silver nanowire plasmonic waveguide. Chapter 4 discusses a project whereby a 
nitrogen vacancy center embedded in a diamond photonic waveguide is pumped by an 
external laser, and the fluorescence is detected via a near-field gallium arsenside (GaAs) 
avalanche photodiode.  
Overall the three projects presented in this thesis have distinct goals, but all three rely 
heavily on the nanofabrication of hybrid optoelectronic elements. It is through the use of 
these complimentary optical materials that progress can be made toward novel devices 
with applications in renewable energy, optical communication, and quantum optics. 
 
 
1.2 Exciton Generation, Diffusion, and Separation in Conjugated Polymers 
The general process of turning an absorbed photon in a conjugated polymer into 
photocurrent has been readily discussed in the literature7,8 and is shown in Figure 1.1. 
This process first involves the absorption of a photon in the polymer to create an exciton 
with a binding energy much larger than the thermal energy under standard operating 
conditions. The exciton can diffuse to the donor/acceptor interface (the exciton diffusion 
length is typically ≤ 10 nm). The exciton dissociates at the junction and create an 
electron-hole pair bound at the interface by Coulombic attraction. Finally, the bound pair 
separates and the free carriers are transported via drift/diffusion as majority carriers to the 
electrodes. An exciton that doesn’t reach the interface before relaxation cannot contribute 
to the photocurrent. The materials in these solar cells are complimentary: the polymer 
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contributes greatly to photon absorption and hole conduction, whereas the inorganic 
component contributes to photon absorption, assists the charge transfer, and provides an 
electron conduction pathway. The short exciton diffusion length in the polymer 
necessitates the nanoscale morphology of these components. 
 
 
Figure 1.1 | Exciton generation, diffusion, and dissociation in hybrid photovoltaic 
devices. A photon excites the electron donor phase creating an exciton with binding 
energy of ~0.4 eV, shown in step #1. The exciton then diffuses (step #2) to a 
donor/acceptor interface where it dissociates into a bound electron–hole pair. Excitons 
that do not reach an interface recombine and do not contribute to photocurrent. Step #3 
represents the separation of electron–hole pairs bound at the interface by their mutual 
Coulomb attraction. The efficiency of this process depends on temperature, electric field, 
and the initial pair separation. Step #4 then represents the bulk transport of free charges to 
the electrodes for collection. Figure and caption adapted from Ref. 7. 
 
In spite of the large body of literature on bulk heterojunction solar cells, the details of 
the exciton diffusion and charge separation processes are still under investigation. The 
exciton diffusion length in a well-studied conjugated polymer such as P3HT has been 
reported with values varying from 2.5 to 10 nm.9,10 In addition, the all-important charge 
separation process is still poorly understood. There are reports that temperature, electric 
field,11 recombination,12 and space charge13 can limit the charge separation efficiency. 
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Other studies have suggested that the charge separation is a near unity efficiency 
process.14  
Unfortunately, the vast majority of bulk heterojunction devices have many additional 
potential loss channels such as electrical shorts between electrodes (unless there are 
separate electron and hole blocking layers), incomplete hopping networks for charge 
transport, and recombination.12,15 These additional loss mechanisms make it difficult to 
quantify the charge separation efficiency using a fully assembled device. In Chapter 2, 
we present a well-controlled model system to further investigate the charge separation 
process. 
 
 
1.3 Plasmonic waveguides coupling to quantum emitters 
A surface plasmon polariton (SPP) is an electromagnetic wave that propagates along 
a metal-dielectric interface. It consists of the coupling of the electromagnetic fields with 
the induced charge oscillations in the metal. Compared with a free space photon at the 
same frequency, an SPP has more momentum, higher optical confinement, and a lower 
propagation velocity.  
Solving Maxwell’s equations at a simple planar interface between a metal and a 
dielectric produces a confined optical mode with wave vector kSPP given by: 
€ 
kSPP (ω) = k0
εd (ω) ⋅εm (ω)
εd (ω)+εm (ω)
 
where k0 is the wave vector of the free-space photon, and εm and εd are the frequency-
dependent dielectric constants of the metal and dielectric, respectively. It is important to 
point out that these SPPs have a non-zero real component of their wave vector, so they 
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propagate in a given direction and can be waveguided similarly to photons. However, 
unlike photons in free space, there is a non-zero imaginary part of kSPP, which represents 
propagation losses, in which the finite conductivity of the metal causes dissipative losses 
as the SPP propagates. Many metals and semiconductors can support SPP propagation, 
but for visible wavelengths the lowest propagation losses are associated with silver.  
SPP waveguides, like their dielectric counterparts, are spectrally broadband. The 
main advantage of SPP waveguides over dielectric ones is that they can support modes 
with very small wavelengths, enabling highly sub-wavelength optical confinement. As 
the width of a dielectric waveguide shrinks below the optical wavelength, the 
electromagnetic fields will be squeezed out of the waveguide and eventually cease to be 
guided. On the other hand, plasmon waveguides can guide SPPs even when the 
waveguide dimensions are substantially narrower than the free space wavelength. 
In addition to the planar SPP mode discussed above, guided SPP modes have been 
demonstrated in a number of geometries including metal wires surrounded by a 
dielectric,16 metal-insulator-metal slab waveguides,17 metallic grooves,18 hybrid gap 
structures of high refractive index dielectric/low refractive index dielectric/metal,19,20 and 
even chains of metal dots.21 Because of the momentum mismatch between the plasmonic 
modes and free-space, SPPs should not—in principle—be easily converted to into free-
space photons. In practice, because the SPP wavelength is smaller than the corresponding 
free-space wavelength, small defects along the surface of the metal such as grain 
boundaries can cause significant scattering. Chemically synthesized Ag nanowires (NWs) 
exhibit fewer defects than lithographically defined strips of evaporated Ag. They are 
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highly crystalline and have a smooth surface, and they allow SPPs to propagate for a long 
distance without being scattered, except at the ends of the nanowire.  
Even with defect-free SPP waveguides, the propagation losses are sufficiently high to 
make them of limited usefulness for applications strictly involving long distance 
propagation, especially when compared with low-loss photonic waveguides. The beauty 
of plasmonic structures lies in fact that high optical confinement of SPPs also leads to a 
strong interaction with nearby optical emitters. SPP waveguides can function as antennas, 
capturing a high percentage of a nanoscale light source’s emission. Moreover, the Purcell 
effect can cause the rate of spontaneous emission of a nanoscale emitter within the near 
field of an SPP waveguide to be modified. The total radiation rate of an emitter can be 
broken down into its component radiation rates 
€ 
Γtotal =Γcavity +Γfree-space +Γnon-radiative , and the 
definition of the Purcell factor (P) is given by, 
€ 
P =Γtotal /Γ0  where Γ0 is the emission rate 
if the emitter were in vacuum. It has been shown that the optimized Purcell factor of an 
emitter near a metal nanowire scales as 
€ 
P∝1/(k0R)3 , where R is the radius of the 
nanowire.22 Therefore, a SPP waveguide that is significantly thinner than the free-space 
wavelength can have a high Purcell factor even when there is no longitudinal confinement 
along the nanowire axis. Photonic crystals with high quality factors can be used to 
generate large Purcell enhancements,23 but even a simple 1D plasmon waveguide can 
generate a significant degree of emission modification. Furthermore, when an optical 
resonator is constructed around a plasmonic waveguide, extremely large Purcell 
enhancements can be observed, in spite of the low cavity quality factor.24 This can be 
particularly useful because the relatively broad linewidth of a plasmonic cavity resonance 
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doesn’t need to be tuned as precisely as a high Q cavity to achieve the same level of 
Purcell enhancement. 
Plasmonics can be useful, in particular, for coupling to single photon sources as well. 
Single photons can also be generated by optically pumping a quantum emitter such as 
colloidal quantum dot (QD), which has discrete electronic states due to quantum 
confinement, allowing it to emit single photons at its first exciton energy.25 A previous 
demonstration showed that single SPPs could be generated from pumping colloidal 
quantum dots coupled to Ag NW waveguides.26 By optimizing the spacing between CdSe 
QDs and 100 nm diameter Ag NWs with a polymer spacer, Akimov et al. showed that the 
emission from a single QD could be directed primarily into SPPs, with a coupling 
efficiency up to 60% and a Purcell factor of ~2. They also showed that the photon cross-
correlation function of SPPs scattered at the end of the nanowire and photons emitted into 
free space from the QD shows clear anti-bunching, proving that the quantum dot 
functions as a single plasmon source. This experiment proved that a simple 1D SPP 
waveguide could serve as an efficient means for collecting single photons. 
This initial demonstration relied on far-field excitation of the quantum dot, which 
requires a bulky external laser. Conversely, single photons can be generated electrically 
on-chip by embedding self-assembled quantum dots into the intrinsic region of a p-i-n 
light emitting diode (LED), as has been previously shown in the InAs/GaAs system.27,28 
However, since the quantum emitters are buried deep within a high refractive index 
material, they are not accessible from the near field, and the far field photon collection 
efficiency is as low as a few percent.29  
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We will exploit a few of these features of plasmon waveguides in Chapter 3. We 
explore a hybrid approach of building an on-chip LED to pump a single CdSe QD 
coupled to a Ag NW plasmon waveguide, thereby creating an electro-optic single 
plasmon source.  
 
 
1.4 Nitrogen Vacancy Centers in Waveguides Fabricated from Bulk 
Diamond 
Color centers in wide band gap semiconductors are a promising materials platform, 
both for fundamental experiments in quantum optics and atomic physics because these 
are lattice-substitutional defects with electronic states that are located deep within the 
band gap. Thus these defects behave as atomic-like systems in the solid state. While there 
are many colors centers being investigated today in silicon carbide,30 zinc oxide,31 and 
diamond,32 the negatively charged nitrogen-vacancy (NV) defect in diamond is the most 
well-known example.  
The negatively charged NV center is a nitrogen ion substituted into the diamond 
lattice next to a vacancy (missing carbon atom). This remarkable defect center is a stable 
source of single photons at room temperature.33 The fluorescence has two components, 
the zero phonon line (ZPL) with “atom-like” emission, which is at 637 nm, and the 
phonon sidebands from thermal broadening, which are from ~600 nm to the NIR.33,34 
Due to its energy level structure, NV fluorescence is spin-state dependent, allowing 
simple routes for optical initialization and readout. Even at room-temperature the spin 
coherence times are long allowing for many potential operations on a single spin.35  
 12 
One can broadly define two different sets of applications involving an NV center, 
those that require cryogenic temperatures and those that do not. Room temperature 
measurements of NV centers in diamond have many potential applications including 
fluorescence markers in biological cells,36 nanoscale thermometry,37 nanoscale 
magnetic38 and electric-field sensing,39 and nanoscale spin detection.40 If cooled down to 
liquid helium temperature, the NV- can be used as an optically addressable solid-state 
spin-qubit, and can be employed in quantum networks and quantum registers.41 
There are two primary motivating factors for wanting to perform optical readout of a 
quantum emitter via near-field detectors. The most obvious reason is that near-field 
detection allows for photon collection without the need for bulky external photodetectors 
(often on an optical table) for more compact and scalable devices. The second reason is 
that diamond has a fairly large refractive index (n=2.4) and many photons emitted by a 
color center cannot be collected efficiently using external optics because they are trapped 
in the diamond via total internal reflection.42  
There have been many experiments demonstrating improved collection efficiency 
from bulk diamond without pursuing near-field photodetection. One solution to this 
problem is to engineer a solid immersion lens (SIL)43,44 or vertical nanowires42 into the 
diamond substrate surface to increase the count rate. For example by transferring bulk 
diamond onto a transparent material with higher refractive index, many more photons can 
be collected.45,46 This is difficult to do with bulk diamond because the refractive index is 
high, but can be accomplished by using a material such as gallium phosphide (n=3.3) and 
adding a SIL on the backside of the GaP to direct emission to a separate microscope 
objective lens.47 This demonstration is impressive but the emission pattern coming from 
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the GaP SIL has mode poor overlap with a single-mode fiber typically used for collection 
in confocal microscopy, thereby greatly increasing background count rates. A simpler 
scheme can be employed if the diamond is first made into a nanostructure that has a 
greatly reduced effective refractive index, and then is transferred onto a glass cover slip. 
When fluorescence is collected via a standard oil immersion lens in this geometry, photon 
count rates very close to 1 Mcps can be achieved.48 
These demonstrations of improved photon collection efficiency in bulk diamond are 
notable, but the best long-term solution is to develop optical networks on chip that 
involve waveguides, sources, detectors, resonators, modulators, etc. as has been achieved 
in other material systems. The light confinement for many of these nanophotonic 
structures is provided by total internal reflection, which requires refractive index contrast 
between the device and the surrounding medium. This is generally possible through the 
use of material heterostructures such as GaAs/AlGaAs/GaAs or silicon-on-insulator. The 
material of interest can be suspended in air because the sacrificial layer underneath can be 
etched away (or the sacrificial layer has a sufficiently low refractive index to still allow 
for guided modes in the top layer). Single-crystal diamond is difficult to grow on other 
materials because of its small lattice constant, making an epitaxial sacrificial layer 
geometry thus far unattainable.  
However, there have been recent developments on the micro- and nanomachining of 
bulk diamond films. Focused ion beam (FIB) milling49 has been used to realize nanoscale 
mechanical or optical structures in single-crystal diamond, but the diamond is generally 
damaged due to fabrication-induced imperfections, such as Ga implantation, which often 
limits device performance.  
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One creative but labor-intensive alternative to epitaxy involves the thinning of bulk 
diamond substrates into thin membranes on a Si handle wafer.50 Lithography and reactive 
ion etching (RIE) are used to fabricate rectangular cross-section waveguides and cavities, 
and partial wet etching of the Si handle layer suspends the structures. The biggest issue 
with this technique is that the wedge angle of the diamond from polishing limits the area 
of the diamond chip with the desired device thickness.  
A more scalable approach has been developed using a two-step reactive ion etching 
process in monolithic diamond to circumvent these problems.51 As shown in Figure 1.2, 
the nanofabrication process is used to generate a triangular cross-section waveguide. The 
first step is to pattern a hard mask onto bulk diamond using photo- or electron-beam 
lithography. Then a top-down reactive ion etch is performed in an oxygen plasma. The 
sample is placed in an angled Faraday cage, and a second oxygen etch is performed. The 
Faraday cage consists of a metallic mesh with small openings on the surface, and it 
mimics a perfect hollow conductor and creates an effectively electric-field-free zone 
inside. This means the electric potential gradient of the plasma builds up over the face of 
the Faraday cage and accelerates ions along a path normal to the cage surface. Once the 
ions move past the metal grid and inside the cage, they travel ballistically toward the 
sample and undercut it to produce a suspended diamond nanobeam. This technique has 
been further developed to generate photonic crystal cavities and ring resonators with high 
quality factors in both implanted52 and CVD-grown diamond.53 
These suspended diamond waveguides can serve as a building block for nanophotonic 
circuits involving NV centers. At this point, it would be most advantageous to employ a 
near-field photon detector that naturally incorporates the waveguides. This could provide 
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all the benefits of very high photon collection efficiency from SILs or placing 
nanostructured NVs on glass cover slips, but without the need for external collection 
optics and detectors.  
 
 
Figure 1.2 | Fabrication of free-standing diamond beams using a Faraday Cage. (a) 
Angled-etching fabrication schematic. (b) Schematic of triangular prism Faraday cage 
design with inset showing the relationship between the prescribed etch angle and the 
nanobeam bottom apex. (c) Illustration of angled-etching from two directions 
accomplished with the triangular prism Faraday cage design. (d) SEM images of FIB 
cross-sectioned ∼250 nm wide solid diamond nanobeam. (e) SEM image of 200 nm wide 
solid diamond nanobeam. Figure adapted from Ref. 51. 
 
One option is to build an on-chip photon detector build directly into the diamond via 
doping. The biggest obstacles are that diamond has a small lattice constant, rigid 
structure, and a very large bandgap (5.5 eV).54 Doping diamond to be n-type is still 
extremely difficult, and many species cannot be accommodated into the lattice via ion 
implantation, particularly at high enough densities to make it conductive without 
introducing extensive damage to the crystal structure and the color centers of interest. 
However, demonstrations of p-i-n diodes for electrically pumping NV centers in the i-
region have been demonstrated, using both doped growth55 and ion implantation.56 It is 
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conceivable that similar techniques could be employed to make a sensitive photodetector 
out of diamond, but this is a daunting project. 
A simpler but still challenging prospect is to generate a hybrid material structure 
where NVs in bulk diamond can be detected using a second, optoelectronic material 
whose technology as a photon detector is better developed. This hybrid scheme can work 
in two ways: (1) this second optoelectronic material can be deposited on diamond and 
processed into a detector on-chip or (2) the diamond waveguides can be transferred onto 
the optoelectronic material of interest. Chapter 4 of this dissertation discusses a scheme 
for detection of NV centers by transferring diamond waveguides onto top-down 
fabricated avalanche photodiodes in GaAs. 
  
 
 
 
 17 
 
 
 
Chapter 2 
 
Single Photovoltaic Junction of Conducting 
Polymer and an Inorganic Nanowire 
 
 
2.1 Overview 
As discussed in Chapter 1, bulk heterojunction solar cells are based on p-n junctions 
between conjugated polymers and semiconducting nanocrystals, nanowires, or 
fullerenes.15,57-62 The mechanism of photocurrent generation in these heterojunctions is 
based on optical absorption in the polymer, the generation of tightly bound excitons in 
that component, and the diffusion of excitons to the semiconductor-polymer interface 
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where electron-hole pairs are separated.63 The absorption properties of both components 
can be tuned to optimize photocurrent and minimize device thickness. Since the 
components are flexible and can be processed entirely in solution, bulk heterojunction 
solar cells are attractive candidates for applications involving flexible solar cells and 
photovoltaic “paint”.64 In this chapter, we present the fabrication and characterization of 
model devices consisting of a single P3HT segment contacting a single inorganic 
semiconducting nanowire. This simple geometry allows exciton generation and 
subsequent diffusion to be modeled. Together with this modeling, our photocurrent 
measurements allow us to calculate an efficiency of current output versus expected 
number of excitons that can diffuse to the interface. This charge collection efficiency 
(ηcc) is as high as 25%. However, this value varies greatly for neighboring devices 
prepared on the same chip. This suggests that the charge collection efficiency is highly 
dependent on the quality of the nanowire/polymer interface. This study provides a testbed 
of interface quality for the optimization of future bulk heterojunction solar cells. 
 
2.2 Previous Investigations Using Single Heterojunctions 
A strategy for investigating the charge separation and collection efficiency is to 
fabricate single NW/polymer heterojunctions, thereby eliminating complications arising 
from electrical shorting and incomplete hopping networks. A previous demonstration of 
this was achieved by chemically grafting a conjugated polymer layer on a single n-type 
ZnO nanowire to generate a core-shell structure,65 and the external energy conversion 
efficiency was measured to be 0.04%. Similar in nature, a single P3HT-CdSe junction 
was generated through the use of electrodeposition into an anodic alumina template.66 
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After removal of the template, a single P3HT-CdSe device could be isolated and 
measured. However, the material quality was poor as evidenced by the I-V curves of the 
device in both dark and under broadband illumination and no attempt was made to 
quantify the device performance. Single P3HT-nanowire junctions have been generated 
elsewhere, but to our knowledge the charge separation efficiency of a hybrid photovoltaic 
device based on a single heterojunction has never been characterized. 
 
2.3 Single CdS NW/P3HT Heterojunction Fabrication 
 The general scheme for characterizing a single hybrid photovoltaic device involving 
an inorganic nanowire and P3HT conjugated polymer is shown in Figure 2.1a. Unlike a 
bulk heterojunction solar cell, the NW and polymer strip are distinct entities that overlap 
in a well-defined manner, and their sizes and morphology can be accurately characterized 
via standard techniques such as atomic force microscopy (AFM) and scanning electron 
microsopy (SEM). The photocurrent generated by such a device can be conducted 
through the nanowire and polymer without concern for hopping between different 
nanocrystals, shorting each component to the opposite electrode, or carrier blocking 
layers, which complicate the efficiency calculations of bulk heterojunctions. In principle, 
this device can serve as a model heterojunction and its efficiency can be scaled to 
represent the ultimate performance of a bulk heterojunction device.  
 
 20 
 
Figure 2.1 | Single CdS/P3HT heterojunction fabrication. (a) Device schematic for 
measuring a single heterojunction using a scanning photocurrent imaging setup. (b) SEM 
image of a representative device incorporating a single CdS NW and a P3HT strip. (c) 
AFM image of the same device as in (b). 
 
The CdS NWs used in this experiment are synthesized using a solution-liquid-solid 
method with Bi nanoparticles as catalysts,67 and are typically 50-100 nm in diameter and 
2-4 µm in length (Fig. 2.1b). The NWs are suspended in anhydrous hexane and dispersed 
on silicon chips covered with 300 nm of SiO2. They are electrically contacted using 
conventional electron-beam lithography and metallization with Cr/Au (30 nm/120 nm). A 
window for the P3HT strip is also defined using electron-beam lithography. The polymer 
strip is typically 40-100 nm thick in the center and has a 400 nm thick “frame” as 
determined by AFM (Fig. 2.1c). The devices are quickly wire-bonded and transferred to a 
measurement setup with flowing dry nitrogen gas to avoid water uptake, which can 
degrade the polymer.68 This process could be altered to include fabrication-based 
passivation schemes, such as low temperature ALD,69  directly on the heterojunction, but 
this would also complicate the modeling. 
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2.4 Single Heterojunction Dark Current-Voltage Characteristics  
 The CdS NWs and P3HT strips both exhibit linear (or nearly linear) current-voltage 
(I-V) characteristics (Fig. 2.2a-b). The CdS NWs are highly conductive (~10 kΩ), while 
the P3HT strips are more resistive (~2 GΩ per µm in length). Four-probe resistance 
measurements show that the contact resistances of both the P3HT strips and the CdS 
NWs are at least ten times smaller than the resistance across the CdS/P3HT junction. Our 
gate-voltage studies demonstrate that the P3HT exhibits a strong p-type field effect (Fig. 
2.2b), from which the charge carrier density and mobility are estimated to be 1016 cm-3 
and 10-2 cm2/Vs, respectively. The highly conductive CdS NWs do not exhibit a gate 
response. In the dark, the P3HT/CdS-NW junction exhibits the desired rectifying 
behavior, with a voltage threshold of 0.5-1.0 V at forward bias (Fig. 2.2c). 
 
 
Figure 2.2 | Current-voltage characteristics of CdS nanowires and P3HT strips in 
dark. (a) A CdS NW showing near-linear behavior as a function of source-drain bias. (b) 
Back-gate dependent I-V curves of a segment of p-type P3HT polymer (VG = -40, -20, 0, 
20, 40 V). (c) I-V curve for a CdS-P3HT heterojunction in dark. Inset: energy band 
diagram with material band energies in eV with vacuum as reference. 
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2.5 Scanning Photocurrent Imaging of a Single Heterojunction 
 The optical response of a single heterojunction is characterized using a homebuilt 
scanning confocal microscope (Fig. 2.1a).70,71 A diagram of the confocal microscope 
configuration is shown in Appendix I. Two separate light sources are used for these 
experiments: the first is a 532 nm continuous wave (CW) diode laser (Coherent), and the 
second is a picosecond pulsed supercontinuum laser (Koheras/NKT) with an acousto-
optic tunable filter, allowing the illumination wavelength to be tuned from 470 to 750 
nm. The incident light is focused to a diffraction-limited spot using a microscope 
objective lens (Olympus 100×, NA=0.8). The average light intensity incident on the 
device is ~1000 W/cm2. The laser spot is scanned on the device by a computer-controlled 
x-y galvanometer while the reflected laser power and electrical current are 
simultaneously recorded. 
The zero-bias photocurrent image (Fig. 2.3a) demonstrates that current is collected 
only when the laser spot is directly incident on the NW/polymer interface. This result was 
consistent for all of the devices studied (>100 devices). When the illumination energy is 
below the CdS absorption edge, the measured photocurrent must be due to exciton 
generation in the P3HT. Only excitons generated near the junction have a high 
probability of diffusing to the interface, where they can separate into free electrons and 
holes. Away from the interface, the electric field is too weak to separate the tightly bound 
excitons.63 The exciton diffusion length (Lex) has been measured to be ~2.5-10 nm for 
P3HT.9,10,72 The extent of the photocurrent spot in Fig. 2.3a is therefore due to the laser’s 
finite spot size and is not a measure of Lex in the P3HT.  
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Figure 2.3 | Short circuit current of a CdS/P3HT junction. (a) Overlap of the 
simultaneously-cllected reflection and photocurrent images of the same device as in Fig 
2.2b-c taken at zero bias. (b) Linear power dependence of the short circuit current of a 
different device from (a) with excitation energies both below (550 nm) and above (480 
nm) the bandgap of CdS. (c) Polarization dependence of Isc. The orientation of the NW is 
horizontal and the excitation power is 1.1, 1.6, 1.9 µW at 480, 550, 600 nm respectively. 
 
The value of |ISC| appears to have a linear relationship—at least for the powers 
investigated—with the incident photon energy (Fig. 2.3b), both below (550 nm) and 
above (480 nm) the CdS bandgap, which is ~520 nm for bulk crystals. One final note 
about these laser measurements is that the polarization of the incident laser spot is 
important. The magnitude of the polarization dependence of incident light with respect to 
the NW axis (Fig. 2.3c) is consistent with the geometric dielectric contrast between the 
NW and the surrounding polymer.73 As a result of this dependence, the polarization of the 
laser was always aligned along the nanowire axis to maximize the photocurrent and also 
mitigate device-to-device variations from this effect. 
 
2.6 Modeling Charge Collection Efficiency 
 Since these single heterojunctions have a photovoltaic response, the next step is to 
model the fundamental ability of the organic/inorganic interface to separate excitons and 
to establish an upper bound to the overall energy conversion efficiency. In particular we 
want to quantify the ratio of collected experimental current to the expected flux of 
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excitons from the two components reaching the interface. With this aim, we define the 
charge collection efficiency ηcc to be: 
       
 
where Fex,P3HT is the exciton flux diffusing through the interface from the P3HT and 
Fh,CdS is the flux of holes diffusing through the interface from the CdS. The reason why 
the second term in the denominator is Fh,CdS instead of Fex,CdS is discussed below.  
 To obtain Fex,P3HT for a particular NW/polymer junction, a 3D finite-difference time-
domain (FDTD) simulation is employed to obtain the electrical field distribution in the 
device when it is illuminated with a diffraction-limited spot (Fig. 2.4a). The physical 
geometry used in the FDTD simulation is determined by AFM of the device (NW 
diameter, polymer thickness and shape, etc.). In addition to the physical structure of each 
device, the optical constants of the materials need to be included in the simulation. The 
complex refractive indices of CdS are from references74 and n, k values for P3HT were 
obtained from spectroscopic ellipsometry and absorption spectra of typical P3HT films. 
From the FDTD the electric field profile, E(x,y,z), for each device was used to calculate 
the exciton generation rate, GP3HT (x,y,z), in the P3HT as a function of position: 
€ 
GP3HT(x, y, z) =
c0ε0n P3HTE(x, y, z)
2
2
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⎟ 
 
where αP3HT is the absorption coefficient and nP3HT is the refractive index in P3HT and 
both parameters depend on the wavelength. This spatial map of exciton generation in the 
€ 
ηcc =
ISC
q(Fex, P3HT + Fh, CdS)
 25 
P3HT, along with the location of the interface, can be ported into COMSOL finite 
element software. It is then possible to calculate the rate of excitons in the P3HT reaching 
the interface by solving the diffusion equation of the form: 
€ 
D∇2c +G − c
τ
= 0 
where c is the exciton concentration, G is the exciton generation rate mentioned above, τ 
is the exciton lifetime, and D = Lex2/τ is the exciton diffusion coefficient in P3HT.  
 In order to solve this diffusion equation there are two important assumptions. First, 
the interface is assumed to be perfectly absorptive, and mathematically this condition is 
equivalent to c=0 at the interface, since the boundary layer length for this system is much 
smaller than the exciton diffusion length.75 Therefore, solving the diffusion equation with 
this boundary condition will give the rate at which excitons reach the interface. Second, 
since there are differing reports of the diffusion coefficient D in P3HT, two sets of 
diffusion lengths and exciton lifetimes are considered: (τ = 0.3 ns, Lex=5.3 nm)9 which 
gives D = 9.4x10-8 m2/s and (τ= 0.4 ns, Lex=8.5 nm)10 which gives D = 1.8x10-7 m2/s. The 
exciton flux Fex,P3HT into the interface is then,
€ 
n ⋅ ∇cds
s
∫ , where n is the normal vector at 
the interface and s is the interfacial area. 
To obtain the CdS NW contribution to the expected photocurrent, a similar process 
can be performed as for the P3HT. However, the exciton binding energy in CdS is less 
than the thermal energy, therefore electron-hole pairs in CdS are very weakly bound or 
unbound,76 thus instead of a Fex,CdS  term in the deonominator of ηcc above it is Fh,CdS. 
Photogenerated minority holes in the CdS have a long diffusion length of ~0.7 µm in 
bulk.77 Since this length exceeds the NW diameter for all pump wavelengths above the 
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bandgap of CdS, nearly all the photons absorbed in the CdS lead to holes that diffuse to 
the interface and contribute to Fh,CdS. Overall this implies that photogenerated holes are 
readily swept out of the NW at the CdS/P3HT interface. This is in accord with the 
measurements in Figure 2.4b (left axis) as the photocurrent increases considerably when 
the illumination energy is greater than the CdS bandgap (~520 nm).  
Our simulations enable ISC to be partitioned based on the material in which the 
photons were absorbed. When the excitation energy is below the CdS bandgap, ISC is due 
to excitons diffusing to the interface from the polymer. Above the bandgap, the free 
carriers generated in the NW dominate ISC (Fig. 2.4b, right axis).  
 
 
Figure 2.4 | Estimating the Charge Collection Efficiency in CdS/P3HT 
heterojunctions. (a) Two-dimensional cross-section of the electric field profile of a 
diffraction limited laser spot on a CdS NW/P3HT strip simulated via FDTD. (b) Left 
axis, typical experimental zero-bias photocurrent of a NW/polymer device normalized by 
the power spectrum of the incident laser. Right axis, the simulated power-normalized 
exciton flux reaching the NW/polymer interface at various excitation wavelengths. The 
red cross and red triangle curves assume a different exciton diffusion length in P3HT of 
5.3 nm and 8.5 nm, respectively. (c) Averaged charge collection efficiencies (ηcc) for 10 
devices where at each wavelength the efficiency is normalized to the value at 630 nm. 
The red and blue curves assume an exciton diffusion length in P3HT of 5.3 nm and 8.5 
nm, respectively. The error bars represent the device-to-device variation. Inset: Two 
diagrams illustrating the majority charge carrier generation mechanism. 
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  The ηcc of our best devices were as high as 9% (assuming Lex is 5.3 nm). Particularly 
interesting about the charge collection efficiency is that devices prepared on the same 
chip can have vastly different efficiencies. For example, in a set of ten devices prepared 
on the same chip, with identical polymer/electrode geometries, ηcc varied from 0.2 to 1%. 
This large device-to-device variation is of particular importance because it suggests that 
subtle differences at the polymer/NW interface can dramatically change the charge 
collection efficiency. This sensitivity of individual heterojunctions is difficult to capture 
in ensemble devices. 
In spite of these large device-to-device variations, the shape of ηcc does not 
sensitively depend on the excitation wavelength (Fig. 2.4c). Below the bandgap of CdS, 
the normalized ηcc is flat within the error bars. Our finding is in agreement with the fact 
that the hot exciton relaxation time in conjugated polymers has been estimated to be ~100 
fs,78 much faster than the time that excitons take to diffuse to the P3HT/CdS interface. 
Accordingly, nearly all the excitons at the interface have relaxed to their ground state, 
and there is no wavelength dependence to their dissociation.  
 
 
2.7 Light-Dark I-V Curves of a Single Heterojunction 
 The most troubling issue for these single CdS-P3HT heterojunctions is that the 
magnitudes of the overall charge collection efficiencies are low. The simulated 
photocurrent from these devices is far larger than would generally be expected just by 
computing VOC/RP3HT. In order to further investigate device performance, we performed 
current versus voltage sweeps for these devices under laser illumination. 
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The I-V sweeps were measured after centering the laser spot on the NW/polymer 
junction. An example trace is shown in Figure 2.5a yielding a short-circuit current (ISC) of 
-300 pA, and an open-circuit voltage (VOC) of 0.82 V. These quantities vary from device 
to device, |ISC| ranging from tens to hundreds of pA and VOC ranging from 0.7-0.8 V. The 
I-V curves of these single NW/polymer devices under illumination have a modified 
overall shape from those of typical ensemble hybrid solar cells.15 There are three 
noticeable qualitative differences from the bulk heterojunction I-V traces. First, under 
forward bias, the large polymer resistance limits the current above the voltage threshold, 
so that it increases linearly instead of exponentially. Second, the conductivity in forward 
bias increases slightly when under illumination. The third and most prominent feature is 
that the reverse bias current does not saturate.  
 
 
Figure 2.5 | Current-Voltage curves for a CdS/P3HT junction with incident 532 nm 
laser. (a) Comparison of heterojunction I-V characteristics in the dark and under the 
illumination of a 532 nm CW laser with a power of ~0.8 µW (or ~700 W/cm2). The solid 
lines are the experimental data and the dashed lines are the fits using the equivalent 
circuit model. Inset shows an equivalent circuit of the NW/polymer device. (b) I-V curve 
for a bare P3HT strip with in the dark and illuminated with a diffraction-limited spot 
intensity of ~2000 W/cm2. (c) A plot of short circuit current as a function of polymer 
length for a different single heterojunction device than (a) with multiple polymer 
electrodes.  
 
The change of conductivity for the CdS/P3HT heterojunction in forward bias can be 
explained by the slight photoconductivity of the P3HT at the generally high intensities 
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used for this experiment. For most of the devices investigated, this increase in 
conductivity is 10-20% at illumination intensities near 500 W/cm2. In a control 
experiment consisting of only a single P3HT strip, with a diffraction-limited spot in the 
center of the strip, the photoconductivity is 50% greater than the dark conductivity under 
an illumination intensity of ~2000 W/cm2 (Fig. 2.5b). This photoconductivity may be due 
to the small probability of free charge carrier generation, which occurs with an efficiency 
of <10-2 in MEH-PPV.79 Alternatively, it may be due to chemical impurities in the 
P3HT.80 Using the absorption coefficient for P3HT (~1.5x105 cm-1 at 532 nm), the 
measured laser intensity, and the exciton lifetime of 0.3 ns,9 the density of light-induced 
carriers in the P3HT can be estimated to be 1016-1017 cm-3. This density is close to the 
dark-state hole concentration (1016 cm-3) implied by the back-gate response of the P3HT. 
Under reverse bias, the current is dominated by light-induced charge leakage. 
Quantitatively, our devices can be modeled with a simple equivalent circuit81 (Fig. 2.5a 
inset), which consists of a current source IJ shunted by a diode and a junction resistance 
(RJ), all in series with a polymer resistance (RP). This can be represented mathematically 
as: 
€ 
I = −I J + I0 (eq(V−I⋅Rp ) /AkT −1)− (V − I ⋅ Rp ) /RJ  
where I is the current through the load, I0 is the saturation current, q is the electron 
charge, A is the ideality factor, k is Boltzmann’s constant, and T is the temperature. The 
measured I-V curves agree with fits obtained using this equivalent circuit model (Fig. 
2.5a dashed lines): yielding I0 = 2×10-14 A, A = 4, RP = 1.2 GΩ in dark and 0.9 GΩ under 
light, RJ = ∞ in dark and 5 GΩ under light, and IJ = 0.35 nA.  
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The most obvious experimental parameter to sweep in order to verify the equivalent 
circuit model is the polymer resistance (Rp). In fact, it is simple to use multiple polymer 
contacts at different distances from the same heterointerface and plot the short circuit 
current as a function of the polymer resistance. According to the equivalent circuit model, 
there should be a simple current divider relationship for the short circuit current (because 
I0 is very small and can be neglected at V=0): Isc ≅ IJ RJ / (RJ + ρ LP), where ρ  is the 
polymer resistance per unit length. The experimental data can be fit reasonably well using 
this simple equation (Fig 2.5c).  
 
2.8 Understanding Power Dependence of I-V Curves 
The equivalent circuit seems to correctly describe the experimental data in Figure 
2.5c, but in order to understand the physical meaning of this shunting junction resistance, 
RJ, it is essential to investigate the power dependence of the I-V curves. As the 
illumination intensity is increased (Fig. 2.6a), the reverse-bias resistance decreases 
considerably. 
 
Figure 2.6 | Power dependence of a CdS/P3HT junction with incident tunable laser. 
(a) I-V characteristics of a device at various light intensities with a wavelength of 550 
nm. (b) RJ plotted versus incident power. RJ was extracted from the slope of the linear 
part (-0.5 V to 0 V) of the I-V curves under reverse bias in (a). The fit is of the form 
€ 
RJ = R0 (1− e−B / P ) .  
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A physical interpretation of the junction resistance is that heterojunction is a source of 
photogenerated carriers, which reduce the depletion width in P3HT and enable free 
carriers to tunnel back through the depletion region and recombine. A simplistic model of 
this can be given by assuming that the tunnel barrier is triangular in shape, the probability 
(Θ) of a carrier tunneling across a triangular barrier82 is given by:  
 
where q is the charge, m* is the effective mass, φB is the potential barrier height and W is 
the depletion width. The depletion width is related to the carrier concentration n (holes 
specifically in the P3HT) and the incident power P by 
€ 
W ∝ 1n1/ 2 ∝
1
P1/ 2 . The junction 
resistance is proportional to the probability that the carrier doesn’t tunnel, 
€ 
RJ ∝1−Θ. 
Therefore, the substitution of the depletion width as a function of power yields 
€ 
RJ = R0 (1− e
−
B
P ) , where B is a parameter that depends on the barrier height and P is the 
excitation power. A general fit of this form is shown for the RJ values extracted as a 
function of incident power in Figure 2.6b. 
 The power-dependence in Fig. 2.6a allows us to estimate the extent of light-induced 
recombination after charge separation. More specifically, it allows the junction current 
(IJ) to be extracted from the I-V curve. IJ can be interpreted as the actual current output of 
the heterojunction, and the leakage current from recombination is that which flows 
through RJ. As an example, for the device shown in Fig. 2.3a, IJ is 16% larger than ISC. 
Devices that are illuminated with a lower light intensity exhibit much less leakage 
current. 
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Furthermore, the change in RJ with incident power is unlikely to be caused by laser 
heating because the laser power is relatively low and the SiO2 substrate behaves as a heat 
sink. The rise in device temperature can be estimated as 
€ 
ΔT = P ⋅d
κSiO2S  
< 1 K, where P = 1 
µW is the maximum laser power, d = 300 nm is the SiO2 substrate thickness, κSiO2 = 1.4 
W/m K is the thermal conductivity of SiO2, and S ~ (500 nm)2 is the approximate laser 
spot size.  
 
 
2.9 Reducing the P3HT resistance in CdSe/P3HT single heterojunctions 
The most troubling issue for these single CdS-P3HT heterojunctions is that the 
overall magnitude of charge collection efficiency is low. The simulated photocurrent 
from these devices is far larger than would generally be expected by merely computing 
VOC/RP3HT. Thus for the input laser powers used thus far (50 nW to 1 µW) the conjugated 
polymer resistance is too high and behaves as a current-limiting resistor. This mistake 
was somewhat unavoidable, as these higher powers were necessary to obtain ISC signal 
for most devices (for example, |ISC| when pumping with 550 nm light and 200 nW is just 
a few pA in Figure 2.3b).  
Initially we attempted to use Rp dependence to extract an ideal ISC, via fitting as in 
Figure 2.5c. Unfortunately, small deviations in the fit led to huge changes in the extracted 
photocurrent at small polymer resistance. In addition, there were many attempts made to 
reduce the length between the CdS nanowire and the P3HT electrode using the previously 
described fabrication methodology; however, nearly all the devices exhibited shorting 
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between the nanowire and polymer electrode, the ones that were not shorted had issues 
with P3HT morphology.   
Therefore, a modified experimental scheme should be employed to reliably reduce the 
polymer length by an order of magnitude. It would be equally valuable to achieve more 
photocurrent for a given input laser power, which would allow the power to be reduced 
and yet still achieve high signal-to-noise for the short circuit current. The schematic to 
achieve both of these aims is shown in Figure 2.7. 
  
 
Figure 2.7 | Modified scheme for CdSe/P3HT heterojunctions. (a) Device schematic 
for measuring a single heterojunction using a scanning photocurrent imaging setup. The 
CdSe nanowire is suspended over a shallow trench with a gold electrode underneath. The 
polymer fills in the gap between the nanowire and the trench electrode. (b) Cross section 
schematic along the axis of the nanowire. (c) SEM image of a representative device 
incorporating a single CdSe NW and a P3HT strip, the depth of the trench is ~90 nm.  
 
The general device operating principle for the CdSe-P3HT heterojunction is identical 
to that of the CdS-P3HT from before. The two main differences are that (1) the CdS 
nanowire has been swapped for CdSe, which has a smaller bandgap of ~710 nm so that it 
contributes more to the photocurrent for a given laser power, and (2) the polymer length 
has been shortened by an order of magnitude by suspending the nanowire over a shallow 
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trench electrode and having the flowable polymer fill in the small gap (<100 nm) during 
the spinning process.  
The CdSe NWs used in this experiment are synthesized using a vapor-liquid-solid 
method with Au nanoparticles as catalysts and indium as the n-type dopant introduced 
during the growth.83 The nanowires are typically 50-100 nm in diameter and 5-20 µm in 
length (Fig. 2.7c). The measurement substrate consists of a silicon chip with 300 nm of 
thermal SiO2 and 100 nm deep trenches that are etched into the oxide. Both the CdSe 
NWs and the bottom electrodes in the trench are electrically contacted using conventional 
electron-beam lithography and metallization with In/Au (15 nm/285 nm) to achieve 
Ohmic contact. A test measurement is performed between the nanowire and the trench 
electrode to ensure they are not shorted prior to spinning of the P3HT. 
 
 
Figure 2.8 | Optoelectronic properties of a CdSe/P3HT heterojunction using a 532 
nm laser. (a) I-V characteristics of a typical device at various laser power (in order of 
increasing power: dark, 0.4, 0.8, 1.5, 4, 8, 15, 54, 109, 203 nW). (b) The short circuit 
current for each of these curves in (a). Notice the two seemingly linear regimes of |ISC| 
both below and above ~50 nW. (c) A plot of the charge collection efficiency as a function 
of incident power with the assumption that Lex for P3HT is 5.3 nm. 
 
 The light and dark I-V curves of these modified devices look very similar to that of 
the CdS nanowire-based devices shown in Figure 2.6a when pumped at 532 nm. 
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However, the plot of the short circuit current as function of incident power (Fig 2.8b) is 
quite different from before in Figure 2.3b. Instead of being linear throughout the 
measurement range, there appear to be two different linear regimes below and above ~40 
nW. This might be expected as the polymer resistance limits the current for higher 
intensities. If we perform a similar calculation of the charge collection efficiency as 
before (substituting in optical constants for CdSe84) for this device, we can see that below 
40 nW the efficiency seems to saturate near 25% (Fig. 2.8c). Furthermore, for the lower 
power range, the external quantum efficiency (electrons collected/photons incident) is 
~1%. 
 Unfortunately, the tunable laser used for the wavelength dependence in CdS-P3HT 
devices was under repair for a significant amount of time, so there are no wavelength 
dependence measurements for these CdSe-P3HT devices. However, it might be possible 
to draw some general qualitative conclusions from these modified P3HT-CdSe devices 
and apply them to the earlier system. At the very least, it confirms that the actual charge 
collection efficiency would be much higher if investigated with shorter P3HT lengths. If 
one assumes that the general trend for |ISC| in the absence of a current-limiting polymer 
resistance is equal for both systems, then for the best CdS-P3HT devices (ηcc = 9% for 
P=800 nW) the charge separation efficiency could be well in excess of 50%. This is quite 
close to the value of 60% reported Mihailetchi et al. in fullerene-based bulk 
heterojunctions.11 
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2.10 Outlook 
Our study of single polymer/NW heterojunctions provides a new approach to 
characterizing interfacial charge separation and transport in hybrid photovoltaic devices. 
The most significant conclusion that can be applied to bulk heterojunction solar cells is 
the high variation in efficiency between devices on the same chip. This high degree of 
variation suggests that the quality of the interface between the donor and acceptor is 
critical to realizing higher efficiencies. Future studies on NW/P3HT junctions may be 
able to address how the interface affects the charge separation efficiencies more 
rigorously. Particularly interesting would be to apply our methodology to analyze the 
charge collection efficiency of grafted polymer/NW heterostructures65 in order to directly 
compare the interface quality of spinning P3HT versus chemical grafting. In doing so, we 
may be able to controllably improve device performance and device-to-device variability 
in both model and bulk heterojunction solar cells. This idea could even be extended to 
using these types of devices as a testbed for optimizing electron acceptor/donor 
interfaces.  
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Chapter 3 
 
On-Chip Electro-Optical Generation of 
Single Surface Plasmon Polaritons 
 
 
3.1 Overview 
Integrated quantum optical circuits require efficient generation and collection of 
single photons. Typically, single photons are generated by focusing light onto a quantum 
emitter with a high numerical aperture objective and routed using far field collection into 
a single optical mode, a process that is highly inefficient.25,85,86 Nanowire optoelectronic 
devices are a promising platform for scalable quantum optical circuits because they can 
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waveguide light at sub-micron dimensions, and have been shown to generate and detect 
light efficiently with small device footprints.87-90 In this chapter, we demonstrate an 
integrated device, in which a quantum emitter is excited by an on-chip single-nanowire 
light-emitting diode (LED), and its emission is routed into single surface plasmon 
polaritons (SPPs) along a metallic nanowire plasmonic waveguide. Plasmonic nanowire 
waveguides serve to collect single photons efficiently as SPPs, which can then be used 
for broadband, enhanced light-matter interaction. Our electro-optic single plasmon source 
presents a step toward a wide range of applications in quantum information processing, 
such as single photon transistors.91 
 
3.2 Fabrication Scheme for an Electrical Single Plasmon Source 
The hybrid device employed in this experiment is shown in Figure 3.1. It involves a 
single photon emitter (colloidal CdSe quantum dot), which is in very close proximity to a 
plasmonic waveguide (Ag nanowire), and the emitter is pumped with an on-chip LED 
(GaN-based NW). The details of the fabrication process are given in Appendix A.II.2. 
Each of the components in this hybrid geometry was selected because of its 
complimentary optoelectronic characteristics. Colloidal quantum dots were chosen as the 
single photon source for their high quantum yield and wide spectral tunability.92 The 
single photons from the QD are collected by the plasmonic waveguide placed in the near 
field of the quantum dot, generating single SPPs.26 Chemically-grown silver nanowires 
are used as the plasmonic waveguides, which are highly crystalline and defect-free, 
leading to relatively low transmission losses,93,94 and the absence of scattering center 
defects prevents LED radiation from coupling into SPPs. A GaN-based NW LED is used 
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to pump the QD for three reasons. First, the high absorption coefficient for the QD in the 
blue wavelength range increases the pumping efficiency. Second, the blue emission from 
the LED is spectrally distinct from the red quantum dot fluorescence making it easier to 
distinguish the QD emission. Third, an SPP with energy close to the surface plasmon 
resonance of the material (λSP = 405 nm for silver) will suffer higher propagation loss due 
to the increased electron-phonon and electron-electron scattering.95 Thus any blue 
radiation that couples into an SPP is spectrally filtered as the plasmon propagates along 
the waveguide (Fig. 3.2c). Finally, the T-shaped geometry of the two nanowires in Figure 
3.1a is intentional. Orienting the silver nanowire normal to the LED nanowire axis 
maximizes the photon-SPP momentum mismatch, thereby minimizing the coupling 
between LED emission and SPPs.  
 
 
Figure 3.1 | Scheme for electro-optical generation of single plasmon polaritons (a) 
Schematic diagram of electro-optical generation of single photons and subsequent 
coupling to SPPs.  (b) FDTD simulation of |E|2 for the fundamental photonic mode (λ = 
410 nm) propagating along a GaN nanowire. Cross-section views are shown for its end 
facet (top panel) and its vertical axial plane (bottom panel), and the location of the GaN is 
outlined in yellow. (c) |E|2 along the propagation direction of the GaN nanowire emission 
(black line) and an ideal Gaussian beam with divergence Θ = 20.7o and λ = 410 nm (red 
dashed line). The nanowire end facet is located at z = 0.  
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The blue LED is fabricated from a coaxial (core/shell/shell) n-GaN/i-InxGa1-xN/p-
GaN nanowire with x ≈ 0.1. The intrinsic InxGa1-xN has a band gap of ~3 eV (410 nm), 
which is tuned by varying the indium concentration. Geometrically, the nanowire has a 
length up to 40 µm and an equilateral triangular cross section of ~1 µm per side. The 
nanowire has a large index of refraction (nGaN, 410 nm = 2.54)96 and supports many guided 
photonic modes. According to finite-difference time-domain (FDTD) simulations, the 
fundamental mode emits from the end facet of the nanowire as a Gaussian beam with ~ 
20° divergence (Fig. 3.1b). A colloidal quantum dot placed within 400 nm distance of the 
end facet of the LED, therefore, experiences at least half of the maximum excitation 
intensity as shown in Figure 3.1c. 
 
 
Figure 3.2 | Dipole source SPP propagation simulations and spectral filtering (a) 
Finite-difference time-domain (FDTD) simulation of the electric field intensity (|E|2) 
along a silver nanowire, with a radiating point dipole source (λ = 650 nm, indicated by 
the blue arrow) placed in the near field of the nanowire. (b) The electric field intensity 
(|E|2) distribution for the fundamental surface plasmon polariton mode propagating along 
a 100-nm-diameter silver nanowire. (c) Transmission spectrum of the mode after 5 µm, 
significant transmission is only observed for λ > 550 nm. 
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For our FDTD simulations (Fig. 3.2b-c), the silver nanowire is modeled as a 100-nm-
diameter silver cylinder embedded in a medium of ε = 2.16 (SiO2). The dielectric 
function of silver is adapted from Johnson and Christy.95 Near one end of the nanowire, 
the fundamental TM mode (m = 0), which is the only propagating surface plasmon mode 
supported by a silver nanowire of this diameter, is injected along the nanowire’s axis. The 
fraction of power transmitted through a plane placed 5 µm away from the mode injection 
plane is recorded for each wavelength and plotted in Figure 3.2c. The silver nanowire is 
long enough (> 10 µm) to eliminate significant reflection from the end facets. 
 
3.3 Characterization of InGaN LED Emission 
The scanning electron microscope (SEM) image of a blue nanowire LED device is 
shown in Figure 3.3a.97,98 The I-V curve of the LED exhibits rectification characteristic of 
a p-i-n diode (Fig. 3.3b, black trace). As the forward bias exceeds the band gap (~3 eV) 
of the InGaN layer, current flows from the p- to n-region. Electroluminescence (EL) is 
generated through the radiative recombination of charge carriers injected into the InGaN 
layer, as depicted in the inset of Figure 3.3b, and the EL intensity is proportional to the 
driving current (Fig. 3.3b, blue circles). The emission spectrum collected from the 
nanowire end facet peaks around 410 nm (Fig. 3.3c), indicating that the NW emission is 
due to carrier recombination in the InGaN layer. Sub-bandgap emission at lower energies 
can be observed for measurements at room temperature, most likely resulting from 
surface trap states in the nanowire (Fig. 3.3c, red trace). The sub bandgap, so called 
“yellow band”, emission is well known for GaN systems, and it arises from lattice defects 
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formed during the material growth. Previous reports suggest a deep trap located 1 eV 
above the GaN valence band edge is responsible for such emission.99,100 
 
 
Figure 3.3 | Single nanowire light emitting diode (a) Scanning electron micrograph 
(SEM) of a typical LED device, overlaid with its electroluminescence image. (b) Current-
voltage characteristics (black line) and electroluminescence versus applied bias relation 
(blue dots) of the device. Inset: Band diagram of the device and the light generation 
mechanism. (c) Electroluminescence from LED at room temperature (red line) and 77 K 
(black line). The room temperature curve has been multiplied by five times to show the 
sub-bandgap emission. 
 
As the device is cooled to T=77 K, the sub-bandgap emission is significantly 
suppressed, greatly enhancing the color purity of the EL (Fig. 3.3c, black trace). For a 
typical LED driven at 100 µA, the power collected in the far field is a few nW. 
Considering the finite numerical aperture (NA) of the far-field optics and transmission 
losses due to absorption and scattering along the optical train, the quantum yield of the 
electroluminescence is ~0.1%. The low quantum yield is due to nonradiative 
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recombination at the trap states, which are also responsible for the below bandgap 
emission.101 Light emission is not homogeneous across the p-i-n region, but concentrates 
near a few locations on the nanowire (Fig 3.3a). Due to the lower carrier mobility of the 
p-GaN,98 most of the EL is generated around the p-type contact as current follows the 
shortest path in the p-type region. The bright spot at the end facet of the nanowire, as 
noted previously, is due to photonic guiding that arises from the large index of refraction 
of GaN.  
 
 
3.4 Incorporation of Single CdSe Collodial Quantum Dots 
 
When dispersed in the vicinity of the LED, colloidal CdSe/ZnS quantum dots 
(Invitrogen, 655 nm) can be optically excited by the LED electroluminescence. The 
spectrum collected from the end facet of one such diode is shown in the bottom panel of 
Figure 3.4, at 10 V bias. In addition to the blue EL from the p-i-n diode, a peak at 637 nm 
(1.947 eV) appears, originating from the electro-optical excitation of CdSe/ZnS quantum 
dots. At 77 K the emission peak blue shifts by 53 meV from the room temperature value 
of 655 nm (1.893 eV), this corresponds to a temperature coefficient dE/dT = – 0.25 
meV⋅K–1. This blue shift has been previously reported and is explained by the 
temperature dependence of the bandgap of bulk CdSe, which has temperature coefficient 
dEg/dT = – 0.28 meV⋅K–1.102 The change in confinement energy due to the thermal 
expansion of the quantum dot is a comparatively small effect. The full-width at half-
maximum (FWHM) linewidth of the quantum dot emission is about 45 nm, which is 
much broader than that of a single quantum dot,103,104 confirming that the electro-optical 
emission results from an ensemble of quantum dots.  
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Figure 3.4 | Electro-optical excitation of colloidal quantum dots at T=77 K. 
Electroluminescence spectrum before and after a monolayer of CdSe/ZnS QDs is 
deposited on the LED device, showing the first exciton emission of the QDs (~650 nm). 
Red curve is the black curve multiplied by 10x to highlight the QD emission peak. 
 
 
Figure 3.5a shows the SEM image of a typical fully assembled device. As proposed in 
Figure 3.1a, the Ag NW is placed at the end facet of the p-i-n nanowire diode, forming a 
T-shaped junction. Before silver nanowire deposition, the LED is coated with a 
conformal 250-nm SiO2 layer by atomic layer deposition.105 The SiO2 layer is primarily 
used to raise the height of the silver nanowire so that it is located near the center of the 
end facet of the much taller p-i-n diode. The silver nanowires are aligned perpendicular to 
the LEDs by microfluidic alignment.106 The high quality ALD layer also protects the 
diode from moisture and oxygen to prevent device degradation. Colloidal CdSe/ZnS 
quantum dots are deposited over the whole device by dispersing them in poly(methyl 
methacrylate) (PMMA) that is spun into a 30 nm thick film. The concentration of 
quantum dots is tuned to allow individual QDs to be optically resolvable after spinning, 
and on average only a single quantum dot is located at the end facet of the LED.  
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3.5 Optical Characterization of InGaN/Ag/CdSe hybrid system 
After a full device is prepared (Fig. 3.5a), individual quantum dots are identified via 
scanning confocal fluorescence microscopy. Diagrams of the confocal configurations are 
shown in Appendix I. In Figure 3.5b, the confocal fluorescence image of the device is 
overlaid with its reflection image. Noise appearing on each bright fluorescence spot 
results from the blinking of individual quantum dots,85 suggesting that the quantum dots 
are sparsely dispersed in the PMMA film. One quantum dot, marked by the green circle, 
is located close to both the LED end facet and the silver nanowire. The single photon 
statistics of the quantum dot are collected and confirm that it is a single photon source, as 
shown in the clear anti-bunching behavior (Fig. 3.5c). When the quantum dot is optically 
excited via a 532 nm laser, fluorescence is detected directly from the quantum dot as well 
as the end facets of the silver nanowire. This indicates that CdSe emission couples into 
SPPs and subsequently scatters into the far field at the end of the nanowire (Fig. 3.5d).  
The blinking behavior evident in the QD emission timetraces provide additional 
evidence for the quantum dot–SPPs correlation. In the experiment, the quantum dot 
located at the T-shaped junction is optically excited with an external laser. Confocal 
Channel A collects fluorescence directly from the quantum dot, and Channel B collects 
fluorescence from SPPs scattering at the end facet of the Ag NW. As shown in Figure 
3.5e, blinking of the direct emission from the quantum dot correlates in time with 
blinking from the plasmon spots, indicating that the emission from the ends of the Ag 
plasmon waveguide indeed originates from the QD.  
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Figure 3.5 | Full device assembly and optical characterization. (a) SEM image of a 
fully assembled device. (b) Scanning confocal reflection image of the device (blue-
white), overlaid with its confocal fluorescence image (red-yellow). The quantum dot is 
located at the T-shaped junction is marked by the green circle. (c) Second-order 
correlation function g(2)(τ) of the quantum dot where the fit is shown in red. (d) 
Fluorescence image of the device, when the excitation laser is focused on the quantum 
dot. Signal around the plasmon out-coupling spots is enhanced by 10 times (enclosed by 
the dashed rectangles). The image is overlaid on an SEM image of the device. (e) 
Timetraces of fluorescence collected from the quantum dot at the T-shaped junction 
(Channel A, blue) and one end of the silver nanowire (Channel B, magenta), when the 
quantum dot is optically excited by the laser. 
 
3.6 Electrical Pumping of Full Device at T=10 K 
With the device fully characterized via external optical excitation, it is ready for 
electrical pumping via the LED. When current is driven through the nanowire LED, 
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emission that couples into SPP modes of the silver nanowire can be detected. Figure 3.6a 
shows an EL image taken at 7 V forward bias with a red longpass filter inserted in the 
optical path to block the dominant blue light. Light emission is not only detected from the 
diode but also at the end facets of the silver nanowire, indicating that emission from 
electro-optically pumped quantum dots couples to SPPs. It is important to note that the 
plasmon spots disappear after the removal of the quantum dots by solvent stripping. This 
demonstrates the SPPs arise from the near-field coupling between the quantum dot and 
the silver nanowire rather than direct coupling of sub-band gap emission from the diode.  
 
 
Figure 3.6 | Electro-optical excitation of single surface plasmons polaritons (a) 
Electroluminescence image of a typical device, recorded with a red color filter. The 
image is overlaid on an SEM image of the device. Signal around the plasmon out-
coupling spots is enhanced by 10 times (enclosed by the dashed rectangles). (b) Emission 
spectra of (top panel) the electro-optically driven SPP from a typical device, (center 
panel) the quantum dot located at the T-shaped junction and (bottom panel) the surface 
plasmon when the quantum dot is optically excited by laser. Red lines are their Gaussian 
fits. 
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The count rates from the plasmon spots at the end of the nanowire are sufficiently 
small that it is difficult to obtain a photon auto-correlation measurement from the 
plasmon spot itself. However, confirmation of the on-chip generation of single plasmons 
can be obtained by analyzing the plasmon spot spectra. The electro-optically driven 
single SPPs have a narrow bandwidth defined by their CdSe QD source. A typical SPP 
out-coupling spot spectrum is shown in the top panel of Figure 3.6b. The spectrum 
appears as a symmetric peak around 627 nm, with a FWHM linewidth of 11.1 ± 0.5 nm. 
It clearly resembles the fluorescence spectrum of the quantum dot located at the T-shaped 
junction, which has a FWHM linewidth of 10.9 ± 0.2 nm (Fig. 3.6b, center panel). The 
spectral width is much narrower than the ensemble fluorescence spectrum shown in 
Figure 3.4 (with FWHM ~45 nm) and is mostly inhomogeneously broadened by the 
quantum dot’s spectral diffusion.103,104 Note that the wavelength of emission has blue-
shifted further from Fig. 3.4 because the device is at T~10 K. When the quantum dot at 
the T-shaped junction is optically excited with a laser and far-field optics, the spectrum of 
the plasmon out-coupling (bottom panel of Fig. 3.6b) is nearly identical, with an FWHM 
width of 11.6 ± 0.7 nm. This indeed confirms the CdSe QD can be electrically pumped 
on chip, to create an integrated single plasmon source.  
 
3.7 Outlook 
To the best of our knowledge, the device studied here represents the first 
demonstration of integrated electro-optical excitation of single surface plasmon 
polaritons. In the device, incoherent blue photons emitted from an on-chip nanowire LED 
are converted to single photons at lower frequency through the excitation-emission of a 
 49 
colloidal quantum dot. The colloidal quantum dot emits into single surface plasmon 
polaritons, thus greatly enhancing the single photon collection efficiency. The wide 
spectral range covered by various types of colloidal quantum dots can easily tune the 
operational frequency of the device from visible to the NIR. This proof-of-principle 
demonstration can be improved in many ways. First, the NW-based LEDs used in our 
devices have a relatively low quantum yield, which is due to defects formed during the 
growth process. A state-of-the-art InGaN/GaN multi-quantum well LED, however, can 
achieve external quantum efficiency around 50% by strict control of growth conditions 
and defect levels.107,108 Incorporation of such an LED would increase the excitation rate 
of the quantum emitter by orders of magnitude. Second, an emitter with a larger optical 
absorption cross section will lead to higher efficiency single photon generation. 
Promising candidates include NV centers in diamond and polycyclic aromatic 
hydrocarbons, for which the absorption cross- section approaches λ2/2 under radiative 
broadening.86,109 This can be accomplished by constructing a cavity around the emitter to 
greatly enhance the Purcell factor to increase the emission rate.24,110-112 Similarly, a 
significantly thinner NW can be used to increase the emission rate,22 and a near-field 
detector,89,90 similar to that demonstrated in the next chapter, could improve the single 
plasmon collection rate. 
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Chapter 4 
 
Near-field detection of NV centers in 
diamond waveguides using GaAs APDs 
 
 
4.1 Overview 
As discussed in Section 1.4, diamond’s wide bandgap, rigid lattice, and small lattice 
constant make it difficult to build a photodetector directly out of diamond suitable for 
detection of color center fluorescence.54 A better approach for detection of NV centers 
emission is to combine diamond waveguides containing NVs with a complimentary 
photodetector material. In this chapter we demonstrate the detection of single NVs using 
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diamond waveguides transferred onto laterally-defined avalanche photodiodes (APDs) 
machined from bulk GaAs. 
 
4.2 Requirements for On-Chip Detection of NV Centers 
There are three general requirements in order to perform near-field detection of single 
NV centers. First, the photodetector needs to have significant optical absorption in the 
range of NV center emission (600-800 nm, for NV-). Second, the photodetector needs to 
generate sufficiently high gain to achieve measureable signal for detection of NV centers. 
Third, is a strongly attenuating blocking layer is likely needed to protect these sensitive 
detectors from even a small amount of stray pump laser light. The difference in optical 
power between that emitted by a single NV and the pump beam near NV saturation is ~9 
orders of magnitude. One of the benefits of far-field detection of photons is that it is easy 
to insert optical filters to remove unwanted laser pump light. However, for a near-field 
detector a spectral filter might be difficult to implement, and therefore it is likely a good 
blocking layer is needed. 
 
4.3 Possible Integrated Technologies for NV Center Detection 
There are few different methods for developing high gain photodetectors on chip with 
absorption at visible wavelengths. The two broad categories are superconducting 
detectors and avalanche photodiodes (APDs).  
Superconducting photodetectors come in several varieties including transition edge 
sensors113, and nanowire detectors.90,114,115 Superconducting transition edge sensors 
(TESs) offer high bandwidth, high quantum efficiency over a large spectral range, and 
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can distinguish photon number and energy. Superconducting nanowire single photon 
detectors (SNSPDs) do not offer the photon number and energy resolution inherent in the 
TESs but are also very fast with a large spectral range. Both of these types of detectors 
are generally operated at cryogenic temperatures well below the critical temperature of 
the superconductors used to optimize performance. However, TESs are often operated at 
T<2 K, which limits the experimental setups into which they can be integrated.  
The physics of avalanche photodiodes (APDs) have been under investigation for 
more than 50 years.116 They are composed of carefully doped semiconductors that have 
large electric fields applied across them. The specific doping schemes of various APDs 
differ,117,118 but for illustration consider a normal p-i-n diode that is reverse biased in 
dark. As the reverse bias is increased, the applied electric field will be predominantly in 
the undoped/lightly-doped intrinsic region. If the electric field across the intrinsic region 
is large enough, one of two breakdown phenomena will occur. If a thermally generated 
electron-hole pair is generated in the intrinsic region, it will immediately be separated 
into electrons and holes by the large applied electric field. If the mean free path in the 
intrinsic region is large enough, those carriers can have enough kinetic energy that if they 
collide with the lattice an impact ionization event can occur. These collisions can 
generate more electrons and holes, which in turn, can generate yet more carriers, and so 
on. A different breakdown process can occur if the large electric field mediates band-to-
band Zener tunneling.82 The probability of the tunneling event (Θ) scales as 
€ 
Θ∝ exp(−Eg3/2 ), where Eg is the bandgap of the semiconductor. These two processes 
have opposite temperature dependences.119 As the temperature is reduced, the mean-free 
path of carriers in the intrinsic region should increase. Therefore carriers can build up 
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more kinetic energy before a collision and impact ionization becomes more favorable. On 
the other hand, as the temperature of a typical semiconductor is reduced the bandgap 
increases, thereby decreasing the tunneling probability. It is possible to distinguish 
between these two breakdown mechanisms for a diode by monitoring breakdown voltage 
(VBD) as a function of temperature (T): if breakdown shifts to smaller |VBD| at lower T it is 
an avalanche process, if it shifts to larger |VBD| at lower T it is a Zener-tunneling 
dominated process. 
It is now easy to understand how an APD generates large gain for an absorbed 
photon. If there is sufficient electric field, when a photon is absorbed the photogenerated 
carriers will start the avalanche process. This can occur in two different voltage regimes: 
below the dark breakdown voltage (what we will refer to as an analog APD 
measurement) and above it (a Geiger-mode measurement). When performing a 
measurement below the dark breakdown there generally isn’t a large enough electric field 
to create a full current cascade, but there is analog current amplification from the impact 
ionization process. Performing photodetection with an APD above the dark breakdown 
voltage may seem counterintuitive, but the dark breakdown voltage is of a statistical 
nature.120 The dark breakdown voltage is the applied bias where there is a large 
probability that a single carrier in the intrinsic region will lead to breakdown. Therefore, 
if the voltage is swept quickly past the breakdown voltage there is a brief time window 
before a dark breakdown event (dark count) occurs. Therefore, if absorption of a single 
photon can occur in that time window it can be sufficient to cause a huge current cascade. 
External circuitry can be added to quench the runaway current, and at the same time the 
voltage can be swept quickly back below breakdown and back past it again, ready for the 
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next photon.121 As such, in this type of Geiger-mode measurement the gain is a less well-
defined quantity. It is no longer strictly determined by the bias or the intrinsic region 
width, but also the amount of time the current cascade is allowed to proceed before it is 
quenched.  
APDs operating in Geiger-mode can be used for single photon counting and are 
widely available as standalone detectors. A typical chip used in a commercial detector is 
bonded to a thermoelectric cooler to reduce the dark count rate, but the temperature is 
usually at tens of degrees Celsius below room temperature instead of liquid helium-type 
temperatures for superconducting detectors. Furthermore, depending on the specific 
application, the count rates for NVs collected in the near field can be sufficiently high 
during NV detection that a high dark count rate might be acceptable, thus allowing room 
temperature device operation. It should be noted that the reset time of avalanche 
photodiodes is generally slower than superconducting detectors, and the overall switching 
speed of the avalanche process and probabilistic nature of the photon detection causes 
more timing jitter. The selection of which near-field detector to use (superconducting vs. 
APD) depends entirely on the temperature range of interest and timing resolution 
necessary for the measurements involved. There have been early reports of successful 
deposition of superconducting NiTiN directly on diamond for eventual measurement of 
single NV center emission.122 While these types of superconducting detectors are very 
promising for single near-field detection, we decided to pursue the goal of NV detection 
at well-above liquid helium temperatures.  
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4.4 First Generation Fabrication Scheme Using GaAs Core-Shell p-i-n NWs 
We decided to pursue the strategy of transferring diamond waveguides onto GaAs 
APDs. GaAs was selected because it has a much larger gain per unit length than silicon, 
which is the standard APD material for detection of visible wavelength photons. The 
tradeoff is that GaAs has greater gain noise than Si.  
Nanowire APDs had achieved high gain in a previous experiment using intersecting 
nanowires of CdS and Si.123 The method of fabrication of these crossed NW detectors is 
difficult to scale up. There was an additional experiment beautifully demonstrating the 
single photon detection from absorption by a InAsP QD embedded in an InP axial p-i-n 
nanowire at T=40 K.124 The device performance was inspiring, though likely only 
applicable to quantum emitters in this material system, and not useful for color centers in 
diamond. 
Our initial attempt to generate near-field APDs was pursued with core-shell p-i-n 
GaAs nanowires grown by collaborators via molecular beam epitaxy (MBE).125,126 The 
lone dopant used in this growth is silicon, which is incorporated as p- or n-type 
depending on specific conditions. To fabricate devices, these nanowires were transferred 
from the growth subsrate to Si substrates with a 300 nm thick thermal oxide layer. The n-
type shell is etched away via a non-selective citric acid/hydrogen peroxide mixture in a 
patterned e-beam resist window. Separate n- and p-type contacts are deposited separately 
and the devices are cooled down to liquid nitrogen temperature in our microscope  
cryostat. A typical device GaAs NW APD device (~60 nm thick intrinsic shell) in shown 
in Figure 4.1a. Many of these devices did demonstrate avalanche breakdown via a 
decrease in the magnitude of the breakdown voltage with decreasing temperature (Fig. 
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4.1b). However, the maximum multiplication values were very modest (M~100) in the 
best devices, and M∼10 was more typical (Fig. 4.1c). 
The biggest advantage to this MBE-grown core-shell NW system is that there is an 
AlGaAs layer deposited around the final GaAs shell that provides epitaxial passivation of 
the nanowire for reduced surface leakage current. In addition, individual nanowire APDs 
are wired up on an external insulating substrate, allowing facile electrical isolation of 
these devices from one another. 
 
 
Figure 4.1 | GaAs Nanowire Avalanche Photodiode. (a) SEM image showing a radially 
etched GaAs core-shell nanowire. (b) Temperature dependence of the breakdown process 
for a typical GaAs core-shell NW APD in dark. (c) Modest multiplication of the same 
device in (b) at T=83 K. 
 
The main disadvantage of this particular core-shell NW system is that the intrinsic 
shell of this type of nanowire is tapered as part of the growth process. This means that the 
maximum gain is set by the thinnest portion of this layer, and it is difficult to grow a 
thick enough intrinsic shell such that the thinnest part can provide enough gain necessary 
for single NV detection. Also, the core-shell architecture makes it difficult to use 
optimized n-type electrical contacts such as Ni/Ge/Au eutectics because this involves 
annealing and alloying, which often penetrates into the GaAs layer, and in this case 
 57 
caused electrical shunting through to the i-shell and p-core. Unfortunately, well-defined 
axial p-i-n GaAs nanowires as opposed to core-shell geometries are difficult to generate 
in this doping scheme because of the different temperature ranges involved in using Si as 
an ambipolar dopant. 
 
4.5 Improved Top-Down Fabrication Scheme  
The limitations of the GaAs NW APDs eventually led to the development of a 
platform of lateral ion implantation in bulk GaAs to generate larger gain detectors. The 
improved fabrication scheme to detect single NVs in a diamond waveguide using on-chip 
detectors is shown in Figure 4.2a. The fabrication of these fully prepared detectors 
involves many steps, the details of which are delineated in Appendix A.II.3. The starting 
material for these integrated APDs is bulk semi-insulating GaAs. High gain APDs often 
have complicated doping profiles, but in this experiment we employ a simple lateral p-i-n 
design to ensure good alignment of the successive masking steps to define the different 
doping regions. Specifically these selectively doped regions are generated with electron 
beam lithography and subsequent reactive ion etching of a thick silicon nitride mask. A 
deliberate separation of 2-4 µm is designed between the p- and n-regions, and this is the 
nominal i-region width of the detector. The Be (p-type) and Si (n-type) implantation is 
performed at energies of 20 and 75 keV, respectively, corresponding to a nominal depth 
of 80 nm below the surface. After both implantation steps the device is capped with 
silicon nitride and annealed at 850°C to remove lattice damage from the implantation and 
activate the dopants. The silicon nitride capping layer is used to prevent the diffusion of 
As from the crystal.127 As a result of this annealing, as well as straggle during the 
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implantation process, the actual i-region width is undoubtedly different from the designed 
width. After annealing cap removal, p- and n-type contacts are deposited using standard 
fabrication techniques with subsequent alloying to reduce contact resistance.  
 
Figure 4.2 | Top-Down Fabrication of GaAs APD/Diamond Device. (a) Schematic 
diagram of a device measurement with the dielectric/gold blocking layer “peeled back” 
from the detector to show the diamond beam aligned to the undoped region and spanned 
by the p- and n-implanted regions and their respective contacts. (b) Cartoon slices 
through the device to show cross-sections of device with blocking layers. (c) SEM image 
of a complete device including blocking layer. (d) SEM images of a device without 
blocking layers.   
 
To elevate the diamond waveguide above the highly absorptive bulk GaAs (in regions 
away from the detector), rectangular mesas are defined using electron beam lithography 
and wet etched to a depth of a few µm below that of the detector and support mesa. To 
minimize the leakage current at the oxidized surface of GaAs, the surface is chemically 
stripped of oxides and passivated using ammonium sulfide in isopropyl alcohol. The 
sulfur atoms temporarily prevent the oxidation of the surface128,129 until an inorganic 
passivation layer (silicon nitride or alumina) is deposited on top to permanently cap the 
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surface. The detectors are typically ~5 µm in width, which according to FDTD 
simulations is sufficient to absorb all photons into high refractive index GaAs even with 
the inorganic passivation layer. 
The diamond beams are fabricated from type IIA CVD-grown substrates from 
Element6 via a two-step reactive ion etching process using a Faraday cage51 as described 
in Section 1.4, and subsequently annealed.52 The resulting diamond substrate has large 
arrays of suspended diamond waveguides typically 30 to 50 µm long and 200-350 nm in 
diameter. A typical diamond beam fabricated using this process has fewer than 5 NV 
centers in it.  
The diamond beams are extremely robust, but they have deliberate notches etched 
near the anchors to facilitate controlled breaking. The waveguides are removed from the 
diamond substrate and placed on the GaAs detectors using a pair of 3-axis closed-loop 
piezoelectric nano-manipulators with sharp tungsten tips. The large trench generated 
between the detector and support mesa is useful for the alignment of the diamond beam 
along the intrinsic region, as it allows the waveguide to be accurately positioned by 
lifting up the beam from underneath instead of dragging it along the surface of the 
detector, thereby minimizing damage to both the beam and detector. It is important to 
note that while the transfer process of the diamond beams in this manner is slow and 
serial in nature, it is possible to envision a flip-chip process by which the diamond 
waveguides are transferred accurately en masse, as the transparent diamond substrate can 
be aligned to marks on the detector chip and pressed down to break the waveguides in 
unison.  
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After the diamond beams are transferred onto the chip, a thick (200-300 nm) 
conformal dielectric layer is deposited on the GaAs substrate via alumina atomic layer 
deposition. This purpose of this dielectric layer is two-fold. First, it electrically insulates 
the detector and its contacts from the metal blocking layer that will be deposited in the 
subsequent step. Second, it provides a spacer layer to prevent the metal blocking layer 
from being in direct contact with the diamond waveuide, which would cause deleterious 
absorption of photons before they can reach the detector.  
Even though the APD has been defined via ion implantation, the bulk GaAs in the 
bottom of the trench can absorb the laser pump light and the large voltages applied across 
the detector can allow some of these photogenerated carriers to be collected at the 
detector. Therefore everything on the chip other than the waveguide itself needs to be 
covered with a thick metal blocking layer. The most challenging part of the fabrication 
scheme is selectively removing the metal blocking layer from the diamond waveguide but 
not the bottom of the trench. 
The first step toward producing the blocking layer is performing a thick and relatively 
conformal gold deposition using DC sputtering. A multi-layer electron beam resist stack 
is then used to create a mask only for the bottom of the trench but not the waveguide. 
When the resist is removed from the diamond beam only, successive gold wet etching 
and dilute hydrofluoric acid etching are used to remove the Au and alumina layers, 
respectively. This wet etch compatibility, along with the high extinction value of visible 
light, is why Au is chosen for the metal blocking layer material. A similar additional step 
is performed to remove the alumina and gold from the wirebonding pads for the GaAs 
detectors. 
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4.6 GaAs APD Characterization in Dark 
It is important to characterize the GaAs detector without the diamond waveguide and 
blocking layer to see if it is performing properly. In Figure 4.3a, the current magnitude is 
plotted logarithmically as function of the applied bias for a nominally 3.7 µm wide 
intrinsic region device at room temperature in dark. At forward bias, the device is 
extremely conductive and has a turn-on voltage near 0.7 V, and at reverse bias there is a 
gradual leakage current and then a sharp breakdown at around -86 V.  
 
 
Figure 4.3 | I-V curves for laterally-implanted GaAs APDs in dark. (a) Absolute 
value of the current versus applied voltage for a laterally implanted GaAs APD with a 
nominal 3.7 µm wide intrinsic region at room temperature. (b) Temperature dependence 
of the breakdown process for the device in (a) in dark. Inset: Breakdown voltage (VBD) as 
a function of temperature showing a linear fit with a slope of -48 ± 3 mV/K. (c) The 
current magnitude as a function of nominal i-region width in reverse bias, for devices 
from a different chip than (a) and (b). 
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To investigate this breakdown process and confirm that it is in fact an avalanche 
breakdown process, current-voltage curves are collected as a function of temperature 
(Fig. 4.3b). There is an obvious reduction in the magnitude of the breakdown voltage as 
the sample is cooled with liquid nitrogen. This confirms that the breakdown is an 
avalanche process as discussed above. The breakdown voltage as a function of 
temperature is roughly linear and has a decrease in |VBD| of 48 mV/K. While the 
temperature coefficient of breakdown is dependent on the actual intrinsic region width, 
this appears to be in the correct range for thin film APDs in GaAs.130,131  
For every chip there were six different nominal i-region widths (2.5, 2.8, …, 4.0 µm). 
The reason for this intentional sweep is that if the intrinsic region is too short the gain is 
too low for NV center detection, but on the other hand, the dominant resistance of the 
device is set by this width and the output current can be limited. The breakdown behavior 
at T=78 K is shown in Figure 4.3c for five different i-widths on a typical chip. There is a 
monotonic decrease in the |VBD| as a function of the nominal i-region width. However, it 
should be noted that the exact value of VBD for a given width varies by 30% from chip-to-
chip depending on the fabrication. Experientially, it appears as though the sulfur 
passivation and subsequent dielectric deposition step has the largest influence on VBD. It 
is likely that surface current leakage (as well as unintentional doping from multiple 
processing steps) can change the actual electric field profile across the i-region. 
Regardless of the exact field profiles, these GaAs devices have confirmed avalanche 
breakdown, and the next step is determining the maximum gain.   
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4.7 Gain Characterization for Laterally-Implanted GaAs APDs 
Due to limitations in the wiring of the microscope cryostat used in these experiments, 
fast sweeps of the applied bias above the breakdown voltage (Geiger-mode operation) are 
difficult without significant signal distortion. As such, all experiments operate below dark 
breakdown. In this sub-breakdown voltage regime, the multiplication as a function of bias 
is calculated by: 
€ 
M (V ) = IL (V )− IL (0)ID(V )− ID(0)
 
where IL is the photocurrent and ID is the dark current. In order to measure the gain for a 
device it is first necessary to cool down and perform scanning photocurrent imaging. The 
laser spot is fixed on the intrinsic region while the voltage is swept in reverse bias with 
and without the laser on. The biggest challenge to accurately determining M is to 
carefully measure IL and ID at zero bias and take into account current amplifier offsets 
and hysteresis from stray capacitance. An example gain curve is shown in Figure 4.4a. 
The highest multiplication in the best devices is ~105. The reflection and photocurrent 
images for the same device at -50 V are shown in Figure 4.4b-c. It is important to note 
that this photocurrent image was generated by mechanically chopping the laser and using 
a lock-in amplifier at the chopping frequency, and any DC component to the current 
signal is filtered out. 
The maximum gain value demonstrated of ~105 means that for an analog current 
measurement of an NV center emitting 1 Mcps into a near-field detector, the measured 
photocurrent current output would be ~10-20 nA assuming unity absorption and impact 
ionization efficiency. This is a reasonable current level for high signal-to-noise detection.  
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Figure 4.4 | Avalanche gain for a GaAs APD at T=78 K. (a) Left axis: dark (black) and 
light (green) current as a function of reverse bias. The light curve is collected for a 532 
nm laser spot of ~100 fW in the intrinsic region of the laterally implanted APD with a 
nominal width of 3.4 µm at T=78 K. Right axis: the red curve shows the multiplication 
gain of the detector as a function of bias. (b) Confocal reflection image of the detector in 
(a) where the electrodes are visible on either side of the intrinsic region. (c) Scanning 
photocurrent image from the detector shown in (a)-(b) taken at a reverse bias of -50 V, 
which corresponds to the dashed vertical line in (a). 
 
 
4.8 Dim Red Laser Coupling to a Diamond Nanobeam  
After demonstrating the gain using a top-down laser illumination onto the detector, a 
more realistic demonstration of NV detection was needed. Diamond beams were 
transferred onto detectors and support mesas, similar to the SEM images in Figure 4.2c. 
The diamond beam in this case was engineered with deliberate notches towards the ends, 
these notches are visible via SEM in the right panel of Figure 4.2d. Without adding the 
blocking layers, a dim red laser was scanned over the diamond beam to see if the notch 
position would be apparent via in-coupling to the waveguide. In order to simulate an NV 
emitting at 1 Mcps, the laser power was attenuated to be 20 Mcps with the assumption 
that approximately 5% of the photons would couple in and be guided to the APD. As 
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shown in Figure 4.5b-c, the deliberate notch in the reflection image corresponds exactly 
to the peak in photocurrent. Again it is important to note that the photocurrent is collected 
by mechanically chopping the laser input and using a lock-in amplifier for AC current 
detection. 
  
 
Figure 4.5 | Detection of a simulated NV center at 78 K. (a) A dark field optical image 
of a diamond nanobeam suspended between a GaAs APD and support mesa without any 
blocking layers. The diamond beam has deliberate notches along it from the angled 
reactive ion etching. (b) Zoomed-in confocal image reflection image on the deliberate 
notch near the support mesa. (c) Scanning photocurrent image collected using a dim red 
laser with an estimated input photon flux to the detector of 1 Mcps. The device is biased 
to -57 V and the bright spot is coincident with the notch in the beam. 
 
4.9 Detection of a Single NV in a Diamond Waveguide  
Detection of a simulated NV using a highly attenuated red laser is exciting, but there 
is no competition with background signal from an intense pump beam, as in the case of 
pumping an NV to saturation with a 532 nm laser (typically a few 100 µW). The blocking 
layer scheme shown in Figure 4.2a is essential for detection of a single NV. One of the 
main challenges is optimizing the time of the Au wet etch to strip the blocking layer from 
the diamond waveguide. There is a substantial lateral etch rate for Au along the diamond 
waveguide, and if there is excessive Au near the diamond beam which can scatter in stray 
light. In contrast, if the Au is etched too much, the detector can be directly exposed to the 
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pump laser.  If the wet etch step is optimized, it is then possible to measure an NV center 
in a diamond waveguide (Fig. 4.6).  
The first step is to find NV centers using a conventional Si SPAD (single photon 
avalanche detector) in a suspended diamond waveguide. In Figure 4.6b there are four 
bright spots when looking at the fluorescence along the beam (appropriate filters are in 
the beam path to block pump light, see Figure A.3). At least the two left-most spots are 
confirmed single NV centers from autocorrelation measurements showing coincidence 
dips at τ=0, indicating they are single photon sources.  
The NV highlighted in the red/white circle in Figure 4.6b-c is apparent in the 
scanning photocurrent image with a current magnitude of about ~10 nA, when the device 
is biased to -60V. The neighboring NV to the left is brighter via far-field collection, but 
does not show up strongly in the photocurrent measurement. This is likely caused 
because the NV orientations are different, and NVs with dipole emission along the beam 
direction can couple strongly the pump laser but do not couple strongly to the waveguide 
mode inside the diamond.  
It is important to note that unlike the scanning measurements demonstrated in Figures 
4.4c and 4.5c, this photocurrent measurement wasn’t performed using a mechanically-
chopped pump laser and lock-in amplifier. Rather, the output of the device was sent to a 
DC current pre-amplifier. In the previous control experiments, the primary noise source 
was from current drift from the detector. For this measurement with an intense pump 
laser, the largest source of unwanted signal is the scattered laser light that can still couple 
into the detectors despite the blocking layer. A clear example of device features that 
couple in stray light can be seen along the left side of photocurrent image in Figure 4.6c. 
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This photocurrent feature arises from the slope of the support mesa created during the wet 
etch (as can be seen most clearly on the sides of the support mesa in the reflection 
image), but this feature is not visible in the far-field confocal fluorescence image (Fig. 
4.6b). Furthermore, the mechanical chopping of the laser caused issues for the single 
photon-collection channel in Figure 4.6b. Therefore, performing an AC current lock-in 
measurement wasn’t beneficial as in the other situations.  
 
 
 
Figure 4.6 | Mapping of NV centers in a diamond beam at 78 K. (a) Confocal 
reflection image of a diamond beam suspended between support mesa (left) and detector 
(right). (b) Confocal fluorescence image corresponding to the red rectangle in (a). Inset: 
A photon auto-correlation histogram showing that the fluorescence spot in the red circle 
is a single NV center. The 532 nm laser pump power is ~120 µW. (c) Scanning 
photocurrent image using GaAs near-field detector of the same portion of the diamond 
beam as in (b). The 3.7 µm i-region width device is biased to -60 V and the bright spot 
highlighted in the white circle is co-located with the single NV center in (b).  
 
The result of using a DC current pre-amplifier is a large DC current as seen in Figure 
4.6c. This is in part because the detector is in large reverse bias and very close to the light 
breakdown curve. Also, there is a large offset from the background light that is detected 
through the Au blocking layer, which was only ~200 nm for this particular device. The 
co-location of a confirmed NV center and a bright photocurrent spot is a great 
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demonstration of these near-field GaAs detectors; however, much work remains to 
definitively confirm that these measurements are truly detecting NV center emission.  
 
4.10 Improved detector performance and future work  
There is a significant amount of green pump laser light detected using this detector 
scheme. It is coupling into the detector by one of two pathways. First, the blocking layer 
around the nanowire leading to the detector isn’t perfect, and these gaps allow light to 
reach the detector. There may be strategies for how to improve this including nickel ALD 
for more conformal deposition.132 Second, the green laser can couple into defects in the 
diamond beam and get guided to the detector. One possible way to improve this is to 
employ polymer gratings to create a Bragg mirror with a stop band for green light.24,133 
For the purposes of confirming that the signal in Figure 4.6c is due to NV emission, it 
would be valuable if the NV blinked on a slow timescale (< 1 Hz). However, one of the 
primary reasons that NV centers are appealing in a variety applications, is that the single 
photon emission in the bulk is generally stable and doesn’t suffer from the same blinking 
and photobleaching of other emitters like colloidal quantum dots. There are experiments 
that demonstrate slow “blinking” of NVs by moving to a pump wavelength such as 593 
nm where only NV- is efficiently pumped.134 Unfortunately, these experiments use laser 
powers well below saturation (~1 µW) where the output current from an NV center 
would likely become too small for detection compared to the background.  
A particularly useful “knob” for the NV center is optically detected magnetic 
resonance (ODMR).135 When microwaves near 2.88 GHz are resonant with the NV- 
triplet ground state they cause an appreciable dip in the NV fluorescence intensity. This 
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could be employed in this near-field detection geometry to confirm a particular 
photocurrent spot originates from NV center emission. Beyond demonstrating near-field 
ODMR, which would be an achievement in its own right, the change in brightness could 
be used to improve signal-to-noise for the mapping of NVs. If an AC current lock-in 
measurement is performed as the applied microwave signal (at resonance) is chopped at a 
slow timescale (<1 kHz), only NVs should respond to the microwave pulse signal, and 
therefore, the background photocurrent from scattered light should be mitigated.  
Overall, the results of this experiment show the possibility of using APDs for near-
field collection of NV center emission at liquid nitrogen temperatures. It may be possible 
for the temperature of operation to be increased by modifying the passivation scheme or 
deliberately growing AlGaAs on the mesa-etched sample after implantation, rather than 
relying on sulfur passivation.  
This type of near-field detection scheme could also be useful for detection of silicon 
vacancies (SiV) in diamond. SiVs emit in the NIR, but the count rates of these color 
centers are generally higher than that of NVs and resonant excitation can be employed to 
greatly reduce the pump power.136 
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Appendix I:  
Confocal Microscope Configurations 
 
Figure A.1 | Microscope configuration for P3HT/NW experiments. The primary 
configuration for all measurements in Chapter 2 are shown above. The laser source was 
either a Compass 315M 532 nm laser or a Koheras SuperK Power supercontinuum source 
with acousto-optic tunable filter (AOTF) to sweep the wavelength between 470-750 nm. 
Both lasers were spatially filtered with a pinhole configuration to ensure a diffraction- 
limited spot. The polarization optics were always rotated to have incident laser 
polarization along NW axis. The reflection channel was not pin-hole filtered (and not 
technically confocal, though the NW/P3HT junctions were much thinner than the 
wavelength, so it likely didn’t matter). The telescope lenses for laser scanning—after 
Galvo 1—were omitted for clarity. 
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Figure A.2 | Microscope configuration for majority of InGaN/Ag/CdSe experiments. 
The primary configuration for measurements in Chapter 3 are shown above. The laser 
source was a Compass 315M 532 nm laser that was spatially filtered with a pinhole 
configuration to ensure a diffraction-limited spot. The fluorescence channel was (1) split 
with a 50:50 beamsplitter, (2) confocally collected into two single mode fibers, and (3) 
and sent to Perkin-Elmer single photon counting modules (SPCM-AQR-14-FC). The 
autocorrelation measurements were performed with a SPC-630 photon counting card 
from Becker & Hickl. The telescope lenses for laser scanning—after Galvo 1—were 
omitted for clarity. 
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Figure A.3 | Microscope configuration for all diamond/GaAs experiments. The 
exclusive configuration for all measurements in Chapter 4 are shown above. The laser 
source was a Compass 315M 532 nm laser that was spatially filtered with single mode 
optical fiber to ensure a diffraction-limited spot. For Figure 4.5 a 633 nm HeNe laser was 
inserted after the dichroic BS with its own reflection channel. The two separate 
fluorescence channels (each on a separate galvo) were (1) split with a 50:50 pellicle 
beamsplitter, (2) confocally filtered into two single mode fibers, and (3) sent to Perkin-
Elmer single photon counting modules (SPCM-AQR-14-FC). The auto-/cross-correlation 
measurements were performed with a SPC-630 photon counting card from Becker & 
Hickl. The fluorescence channel fibers could also be connected to a spectrometer/CCD 
for spectral measurements, as was used for Figure 3.5e and 3.6b. The telescope lenses for 
laser scanning—after Galvo 1—were omitted for clarity. 
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Appendix II:  
Sample Preparation  
A.II.1 Growth/fabrication of NW/P3HT devices 
The CdS NWs used in this experiment are synthesized using a solution-liquid-
solid method with Bi nanoparticles as catalysts,67 and are typically 50-100 nm in diameter 
and 2-4 µm in length. The NWs are suspended in anhydrous hexane and dispersed on 
silicon chips covered with 300 nm of SiO2. They are then electrically contacted using 
conventional electron-beam lithography and metallization with Cr/Au (30 nm/120 nm). A 
window for the P3HT strip is also defined using electron-beam lithography using MMA 
and baked at 80°C. This low molecular weight resist and low baking temperature help to 
ensure the resist dissolves quickly after P3HT spinning. An 8-12 mg/mL solution of 
regio-regular P3HT (Aldrich) dissolved in anhydrous toluene (Aldrich) at 80°C is spin-
coated onto the substrate at 1500 RPM. Lift-off is performed in ethyl acetate to avoid 
dissolving the P3HT. The polymer strip is typically 40-100 nm thick in the center and has 
a 400 nm thick frame as determined by atomic force microscopy. If liftoff doesn’t work 
properly, the P3HT can be dissolved in chloroform and gently O2 plasma cleaned so the 
NWs can be used reprocessed into new devices. 
The CdSe NWs used in this experiment are synthesized using a vapor-liquid-solid 
method with Au nanoparticles as catalysts and indium as the n-type dopant introduced 
during the growth.83 The nanowires are typically 50-100 nm in diameter and 5-20 µm in 
length. The measurement substrate consists of a silicon chip with 300 nm of thermal SiO2 
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and 150 nm deep trenches that are etched into the oxide using hydrofluoric acid. 
Particular care needs to be taken to hard bake the resist before the HF etch step so that 
there is no delamination of the mask. This leads to wider than intended trenches and the 
NWs can fall/bend in. The trenches are ~1 µm wide and 20 um long, and have a thin 
bilayer of Ti/Au (10 nm/40 nm) at the bottom (bringing the total trench depth to 100 nm), 
which will be used as a contact for the polymer. The NWs are transferred by gently 
flipping the NW growth substrate on top of the measurement substrate. Both the CdSe 
NWs and the bottom electrodes in the trench are electrically contacted using conventional 
electron-beam lithography and metallization with In/Au (15 nm/285 nm) to achieve 
Ohmic contact. All P3HT steps are the same as listed above for CdS NWs, though care 
needs to be taken to not elevate the temperature of the CdSe samples, as the melting point 
of In is very low and the nanowire contacts can reflow. 
 
A.II.2 Growth/fabrication of InGaN/Ag/CdSe devices 
The n-GaN/i-InxGa1-xN/p-GaN core/shell/shell nanowires were synthesized by 
metal-organic chemical vapor deposition (MOCVD), in which the c-axis growth of n-
GaN cores is first achieved with the nanoparticle-catalysed vapour-liquid-solid (VLS) 
method. Subsequent radial growth of the shells as reported previously.97,98 Silicon and 
magnesium are respectively used as the dopants for n-type and p-type GaN, respectively. 
After growth the core-shell NWs are deposited on a 300 nm SiO2–covered Si substrate 
via a mechanical chip “flipping” technique. A rectangular etching window is defined at 
one end of the nanowire by electron beam lithography into thick PMMA. Inside the resist 
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window the shells are etched away to expose the n-GaN core using inductively coupled 
plasma reactive ion etching (ICP RIE) as reported previously.97 The nanowire contacts 
are subsequently defined by two additional e-beam lithography steps using separate 
metallization recipes: Ti/Al and Ni/Pd for n- and p- contacts, respectively, via thermal 
evaporation and annealed at 500°C in forming gas. The yield for successful contact to the 
n-core is rather low (~25%) because the etch depth to the n-core is based upon time rather 
than chemical selectivity, and there is a natural distribution of NW diameters and shell 
thicknesses. 
The silver nanowires were synthesized by the polyol method developed by Sun et 
al.93 The as-synthesized silver nanowires are cleaned from the ethylene glycol growth 
solution and dispersed in pure ethanol for deposition. Microfluidic channels (~100 
microns wide) in PDMS are used to align the silver nanowires perpendicular to a 
particular LED.106 The as-puchased CdSe/ZnS quantum dots are dispersed in decane 
(Invitrogen, 655 nm), dried under vacuum, and re-dispersed into a 0.5% PMMA solution 
in chlorobenzene. The solution is spin coated over the device at 5KRPM for 45s. The 
PMMA layer can be stripped with acetone to remove the quantum dots. 
 
A.II.3 Fabrication of GaAs APDs 
We start with 4” bulk GaAs (100) semi-insulating wafers from University Wafer. 
ZEP 520A e-beam resist is spun at 3KRPM on the sample and baked at 180 C for 5 min. 
The marker pattern for the devices is written on the sample and it is subsequently etched 
in an ICP RIE using BCl3/Cl2/Ar chemistry. The sample is then cleaned in Remover PG 
overnight and 450 nm of PECVD Si3N4 (mixed-frequency) is deposited on the sample. 
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ZEP 520A is again used as the e-beam mask and the windows for the Be implantation are 
written. The windows are transferred to the Si3N4 mask via SF6/CHF3 etch chemistry. 
Care is taken to not over-etch the sample. The sample is sent to Innovion for Be 
implantation (20 keV and 9.2x1012 cm-2). After implantation the mask is removed in HF 
and the Si windows are written/transferred exactly as was done for Be. The Si 
implantation is done at 75 keV and 1x1013 cm-2. 
After implantation and mask removal, the sample is thoroughly stripped of oxide and 
put into a RF sputtering chamber with a loadlock to prevent oxide formation. 
Approximately 30 nm of Si3N4 is deposited in an Ar atmosphere. The sample is 
subsequently annealed at 850°C for 1 min in a rapid thermal annealing (RTA) chamber 
under nitrogen. The annealing cap layer is stripped off the sample and an EL11/PMMA 
C2 layer is spun on the wafer to define the p-type contacts. Au/Zn/Au (20/5/75 nm) is 
deposited via thermal evaporation for the p-type contact and standard liftoff is performed 
in acetone. A similar procedure is performed for Ni/Ge/Au/Ni/Au (10/30/20/20/40 nm) is 
thermally evaporated for the n-type contact. The sample is put in a RTA for a 1 minute 
anneal at 415°C to alloy the contacts. 
The sample is then coated at 3KRPM with maN-2403 negative e-beam resist. The 
mesa pattern is written on the sample and it is developed for 70s in MF-319 developer. 
This wet etch mask is particularly fickle depending on the age of the resist, and adhesion 
promoters can be helpful. The mesas are etched in a citric acid/hydrogen peroxide or 
phosphoric acid/hydrogen peroxide solution. The etch depths are 2-4 µm and then the 
maN-2403 can be stripped with acetone and oxygen plasma. The sulfur passivation is 
performed with 10 mL of 40% ammonium sulfide solution mixed with 40 mL of 
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isopropanol. After dilute HCl and ammonium hydroxide oxide removal steps, the chip is 
left submerged in clean DI water. It isn’t exposed to atmosphere but is transferred to IPA 
with successive dilutions and then the chip is soaked for 3-5 minutes in the ammonium 
sulfide/IPA mixture. A sputtering step—similar to that used for the annealing cap layer—
is used to encapsulate the sulfur passivation.  
The detector itself is now complete, but the diamond beam needs to be transferred 
using nanomanipulators to position it in the intrinsic region of the detector. After the 
diamond beams are transferred onto the chip, a 200-300 nm thick layer of ALD is 
deposited at 150°C. If the fluorescence of the diamond beams is investigated with the 
ALD layer on it, there will be a huge background signal, however, it can be burned off 
using extended exposure at high 532 nm laser power (~10 mW). The extent of the 
background appears to be related to the ALD deposition temperature, but more work 
needs to be done to confirm this. After the alumina deposition step a 200-400 nm thick 
layer of gold is DC sputtered on the sample. This is the foundation for the metal mask. 
With this gold layer in place, a five-layer electron beam resist stack is spun onto the 
sample. These layers are thick and therefore baked at 180C for 15 min each. Spun first on 
the chip is a bilayer of PMMA C7. Then a tri-layer of ZEP 520A is spun on top. ZEP has 
approximately a 5x higher sensitivity to electron-beam exposure than PMMA. Therefore 
we can perform electron beam lithography to open up a window in the ZEP but leave the 
PMMA intact. An isotropic O2 plasma clean is performed to slowly etch away residual 
PMMA around the suspended diamond waveguide. After each short etching step the 
clarity of the diamond beam under the optical microscope reveals if the desired portion of 
the waveguide is free of resist. The sample is then wet etched in Transene Au etchant, 
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and dilute HF, to remove the gold and alumina, respectively. Once the diamond 
waveguide is clear of gold and alumina the resist can easily be solvent stripped again in 
Remover PG. A similar step is performed on the wirebonding pads before the diamond 
beam is etched, but care is taken to not completely etch through the alumina. A thin layer 
(20-30 nm) is left on the sample to prevent the undercut Au mask layer from shorting to 
the device electrodes but this is thin enough to be punched through during the 
wirebonding process.  
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